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STUDIES OF THE ELASTIC PROPERTIES OF THE THORAX OF 
SUPINE ANAESTHETIZED PARALYSED HUMAN SUBJECTS 


By J. B. L. HOWELL anv B. W. PECKETT 


From the Departments of Physiology and Medicine, 
The Middlesex Hospital Medical School, 
and the Department of Anaesthesia, The Middlesex Hospital, 
London, W.1 


(Received 26 April 1956) 


When an elastic structure such as the thorax is inflated its elastic tissues are 
stretched. The recoil force produced by these tissues can be determined by 
measuring the inflating pressure within the airways. By recording the pressure 
at different inflation volumes a pressure-volume diagram may be constructed. 

Rahn, Otis, Chadwick & Fenn (1946) made use of this principle when they 
studied the elastic properties of the thorax in conscious human subjects by 
determining the relaxation pressure curve. After the inspiration of different 
volumes of air, the airway is occluded; the respiratory muscles are then 
deliberately relaxed and the recoil pressure (relaxation pressure) which then 
develops is measured. In our experience there is a wide scatter of the in- 
dividual pressure-volume points on repeated measurements. It would seem 
therefore that even trained and co-operative subjects are unable to relax their 
respiratory muscles completely or to the same extent at all times when pressure- 
volume measurements are being made. 

Nims, Conner & Comroe (1955) have reported that the compliance of the 
thorax was lower in anaesthetized patients made apnoeic in various ways 
than in the same subjects when conscious; they suggested that some inspira- 
tory activity was present during the pressure-volume determinations in the 
conscious state. 

The present study of the thoracic compliance in anaesthetized paralysed 
subjects was undertaken in the belief that the results would represent the true 
total thoracic compliance, i.e. when uninfluenced by muscle activity, and that 
reliable data would be obtained for the compliance of the thoracic cage itself 
about which little has been reported. Our results confirm and extend those of 
Nims et al. (1955); we have, however, been led to believe that the mechanism 


of inflation when the thorax is ventilated by positive pressure is different from 
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that occurring during natural breathing, or during the relaxation pressure 
manoeuvre. We suggest that it is probably not justifiable to compare com- 
pliance measurements made by positive pressure breathing in paralysed 
subjects with those obtained when the thorax is expanded by the action of the 
respiratory muscles. 


METHODS 
Measurement of thoracic compliance 

Method 1; prolonged positive pressure inflation. Twelve subjects were studied in the supine 
position before a planned surgical operation. None had clinical or radiological evidence of 
or cardiovascular disease. All received premedication with pethidine 100 mg + scopol- 

amine 1/150th gr. (0-43 mg), or with Omnopon 1/3rd gr. (22 mg) (Roche Products, Ltd., = mor- 
phine gr. 1/4) + scopolamine 1/150th gr. (0-43 mg). Half to one hour later anaesthesia was 
induced with sodium thiopentone intravenously. Succinyl choline chloride 50 mg (Scoline, Allen 
and Hanburys) was then administered and a cuffed endotracheal tube was inserted. The lungs 


Fig. 1. The tap (A) enables the subject to be connected either with the anaesthetic machine or 
with the oxygen-filled spirometer (B), movements of which are recorded on the kymograph 
(#). Manual pressure on the spirometer bell results in inflation of the thorax, the recoil 
pressure of which can be recorded under static conditions from the water manometer (D). 
Changes in intra-oesophageal pressure are recorded on the water manometer (C) from a 
latex balloon. 


were ventilated with pure oxygen for several minutes to reduce the alveolar nitrogen concentra- 
tion. Complete muscular paralysis was then induced by intravenous injection of either succiny! 
choline 50-100 mg, tubocurarine 30 mg or gallamine triethiodide 80-100 mg intravenously. The 


subject was connected via the three-way tap A with the oxygen-filled spirometer B (Palmer) 


(Fig. 1). The pressure in the system was recorded with the water manometer D. The movements of 
the spirometer bell were recorded on the slowly moving kymograph HZ. There was a progressive 
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decrease in the volume of the spirometer as oxygen was absorbed by the subject by ‘diffusion 
respiration’ (Enghoff, Holmdahl & Risholm, 1951). The slope of the line recorded on the kymo- 
graph was an approximate measure of the rate of oxygen uptake. This sloping line and its pro- 
jection were used as the base line for the measurement of all induced volume changes. 

Inflation of the thorax to a new volume was produced by manual pressure on the spirometer bell 
which was then held steady. The reading was taken when the pressures in the system had become 
equilibrated as judged by the pressure in the water manometer D becoming approximately steady. 
A very slow fall in pressure did in fact continue to take place owing to the continuous oxygen 
uptake by the subject, but this further decline created no difficulty in determining the point of 
pressure equilibrium. Immediately after the reading had been noted the procedure was repeated 
by inflating the thorax to a new volume. In this way from five to seven pressure-volume measure- 
ments were made up to pressures of 20-22 cm H,0. 


Fig. 2. The pump forces air through the water trap (D) and the B.0.C. valve (Z) into the patient. 
Down-pipes fitted with taps lead from the tube (B) into water for varying depths (5-22 cm) 
(C). Opening one of these taps allows the blowing off of surplus air when the recoil pressure 
of the inflated thorax equals the depth of water in the down-pipe; the sustained intra- 
pulmonary pressure during this period is recorded on the water manometer (@) and the 
change in intra-oesophageal pressure on the narrow-bore water manometer (H). During the 
inflow phase of the pump, the B.0.C. valve closes the connexion between the patient and the 
pump and opens a port enabling the subject to expire passively into the spirometer (F) 
recording on a kymograph. 


The volume changes recorded on the kymograph were corrected for the water displacement 
which occurred in the spirometer owing to the pressure changes. This correction factor was obtained 
by closing tap A (to shut the spirometer off from the chest and the anaesthetic machine) and 
determining the pressure changes produced by different volume changes. No correction of the 
final volumes to body temperature and pressure, saturated with water vapour (BTPS), was made 
as the resulting change was so small as to be within the limits of experimental error of the method. 

Method 2; cyclical positive pressure inflation. Another series of fifteen patients was studied in the 
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from that described by Comroe, Nissell & Nims (1954), consisted of a pump A of fixed stroke 
volume (2-6 1.) set to cycle at 10/min (unless otherwise stated) with inflow and outflow phases of 
equal duration. The outlet from the pump was via a wide-bore brass tube (B) with ‘down-pipes’ 
extending into water for 5-20 cm (C). Each of the down-pipes was fitted with a tap; by selecting 
the tap to be opened the maximum pressure in the system could be varied. The brass tube led 
via a large water trap (D) to a B.O.C. valve (Z) (British Oxygen Company’s insp y/expiratory 
valve, Mark 2, ref. no. 304,378) which had an end-expiratory resistance of approximately 
0-5 om H,O; thence a rubber tube led to the cuffed endotracheal tube inserted in the patient. 
During the compression (outflow) phase of the pump, the B.O.C. valve opened only to the patient, 
but during the return stroke (inflow) the valve closed the communication with the pump and 
opened a port, thus enabling the subject to expire passively into a well-balanced 61. Palmer 
spirometer (F). During the compression (outflow) phase of the pump, the recoil pressure of the 
thorax rose with inflation to a value equal to that of the height of the column of water in the 
down-pipe selected, after which the remainder of the air delivered from the pump was expelled 
through this down-pipe. The maximum pressure of inflation was thus maintained constant for a 
time (1-2-5 sec) which varied with the time taken for the recoil pressure of the thorax to reach 
the selected inflation pressure, A number of pressure-volume measurements were thus made. 
The pressure developed at the mouth during pump outflow was recorded by the manometer G, 
while the volume then introduced was recorded on the spirometer during the following passive 
expiration. 

Measurement of intra-oesophageal pressure. Intra-oesophageal pressure measurements were made 
using a 70 cm polythene catheter with lateral perforations in the distal 10 cm which were sur- 
rounded by a thin latex rubber balloon whose diameters were 0-8 x 10 cm. The catheter was 
attached to a water manometer with a very small water displacement (0-03 ml./em H,Q). The 
catheter was inserted in the oesophagus to a distance of 33-38 cm from the incisor teeth while 
enclosed in a large oesophageal tube which was subsequently withdrawn. The volume of air in the 
balloon was 1-0-1-5 ml. The accuracy of the ball atheter ter system was tested by 
comparing its ability to record pressure changes produced in a glass vessel containing the balloon 
and the distal part of the catheter, with those recorded directly from the glass vessel with a large 
bore water manometer. The readings were identical. 

In four anaesthetized paralysed subjects in whom a thoracotomy was to be performed, a shallow 
pneumothorax was induced and the simultaneous changes in intra-oesophageal and intrapleural 
pressures were recorded at different volumes of inflation of the thorax. 


Determination of the effect of anaesthesia and of muscular paralysis on the lung volume 
_ none subject in the supine posture we examined the effects on the lung volume of the induc- 
tion of anaesthesia, and in three other subjects the effect of muscular paralysis on the lung volume. 
The studies were made before surgical operation and all the subjects received premedication as 
described previously. 

The conscious subject breathed via a well-fitting anaesthetic mask from a closed circuit oxygen- 
filled system which included a 6 1. Palmer di ter. The gas in the circuit was circulated 
at the rate of 40 1./min by means of a fan. Carbon dioxide was absorbed in a soda-lime container 
situated beyond the outlet from the fan. This system obviated the use of valves and thus had a 
negligible resistance to breathing. The spirogram of the subject was recorded in the conscious 
state and during the induction of anaesthesia with intravenous sodium thiopentone. The effect 
on the anaesthetized subject of muscular paralysis produced by intravenous succinyl choline 
chloride was recorded in the same way. 


Measurement of lung compliance in conscious supine subjects 
Four subjects were studied within 3 hr before their surgical operation. The supine subject 
breathed from a closed circuit oxygen-filled recording spirometer system (as described), and at 
intervals was instructed to inspire varying measured volumes, The airway was then closed at the 
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mouth by a tap and the subject instructed to relax the respiratory muscles. The pressure at the 
mouth proximal to the obstruction was conveyed to one limb of a narrow-bore water manometer, 
and the intrathoracic pressure measured via an intra-oesophageal balloon and catheter was con- 
veyed to the other limb of the same manometer. The pressure change recorded during relaxation 
was thus due to the recoil of the lung and was not dependent upon the degree of relaxation of the 
respiratory muscles. In this way a number of pressure-volume points were obtained. 


RESULTS 
Determination of the pressure-volume relationships of the thorax 
of anaesthetized and paralysed suljects using Method 1 

In twelve anaesthetized paralysed subjects the chest was inflated with pro- 
longed positive pressure as described under Method 1. A typical pressure- 
volume relationship over the range 0-20 cm H,0 is shown in Fig. 3. The points 
obtained in two separate determinations have been plotted. The pressure- 
volume curves of all the twelve subjects lay between the dotted lines shown in 
Fig. 4; the mean of all the curves is indicated by the continuous line. The 
pressure-volume curves of the two youngest subjects (13 and 17 years) lay at 
the lower part of the range. In four subjects the extent of the scatter of the 
curves was not reduced when the volume changes were expressed as a 
percentage of the vital capacity. In all cases the pressure-volume line was 
curved, though to varying degrees; the volume increment for a given increase 
of pressure rose as the inflation pressure was increased. 

As the relationship of volume to pressure was not linear the compliance of 
the system cannot be expressed by a single value unless the pressure or volume 
employed is specifically stated. In order to compare results on different sub- 
jects or by different investigators, we have adopted the expression used by 
Nims et al. (1955), namely the ratio of the volume increase to pressure increase 
when the pressure was raised to 20 cm H,O above the resting expiratory level. 
The mean value for our twelve subjects expressed in this way was 78 ml./cm 
H,0 at 20 cm H,O. These results are similar to those of Nims et al. (1955) who, 
using a slightly different technique, obtained a mean value of 62 ml./om H,O 
at 20 cm H,O in seven subjects. 

Fenn, Otis, Rahn, Chadwick & Hegnauer (1947) have estimated that at a 
sustained intrapulmonary pressure of the 30 cm H,0 in the conscious subject, 
the volume of blood in the thorax is reduced by about 500 ml., probably 
owing to interference with the venous inflow. The quantitative relationship 
between rise of intrapulmonary pressure and the volume of blood ‘displaced’ 
has not so far been determined. It is probable, however, that the volume of 
blood ‘displaced’ from the thorax is dependent, within limits, on the duration 
of the positive intrapulmonary pressure. If the duration of thoracic distension 
is brief, probably blood ‘displacement’ would be minimized and a truer value 
for thoracic compliance might be obtained. For this reason, Method 2 was 
used in a further study of anaesthetized or anaesthetized and paralysed subjects. 
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Fig. 3. Pressure-volume relationship of the thorax of a supine anaesthetized paralysed human 
subject, obtained using Method 1 (prolonged positive pressure inflation). @ and x represent 
the individual pressure-volume points obtained in two successive determinations. 

Fig. 4. The mean (———-) and the range (-—-—) of the pressure-volume curves of twelve supine 


anaesthetized paralysed human subjects obtained using Method 1, prolonged positive pres- 
sure inflation. 


Determination of the pressure-volume characteristics of the thorax of 

anaesthetized and paralysed subjects using cyclical positive pressure inflation 

Fifteen anaesthetized and paralysed subjects were studied in the supine 
position. Fig. 5 illustrates a typical result obtained during cyclical ventilation 
by measuring the volume of air expired following a 3 sec period of inflation at 
varying pressures. When this method was used the pressure in the lungs 
always returned, between the periods of inflation, to the resting level (+0-5 cm 
H,0). In Method 1, by contrast, the inflation was sustained and was raised 
progressively during the course of the experiment. In this study (as when 
Method 1 was used) the individual pressure-volume points were reproducible 
within small limits (50 ml.). The reproducibility of our results using either 
Method 1 or 2 is in striking contrast with the wide scatter of the \pressure- 
volume points obtained in repeated measurements in conscious subjects. This 
difference can be reasonably attributed to the inability of the conscious 
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Fig. 5. Pressure-volume relationship of the thorax of a supine anaesthetized paralysed human 
subject obtained using Method 2, cyclical positive pressure inflation. The pointe represent 
the mean of six volume measurements at each pressure, the range of the volumes being indi- 
cated by the vertical lines through each point. 
Fig. 6. The pressure-volume relationship of the thorax, @, lungs, x, and thoracic cage, A, of a 
supine anaesthetized paralysed human subject obtained using Method 2 (cyclical positive 
pressure inflation). 


Tasixz 1. Compliance is expressed in ml./em H,0O. 


Thorax Lung Thoracic cage 

Subject Ageandsex V/Py V/P V/Py» V/P V/P; V/P 
A.T. 28, M. 70-5 717-5 92-5 104 260 297 
H.C. 32, F. 48-5 54 94 118 100 100 
d.F. 61, M. 58-5 67 88 104 144 183 
M.B. 56, F. 50 55 65 78 180 192 
8.M. 38, F. 45 49-5 59 72 158 162 
AN. 35, M. 41-5 45 55 85 88 
L.G. 31, M. 74-5 85 95 266 350 
D.W. 38, M. 61-5 71 130 155 105 123 
M.G. 63, M. 77 81 93 98 314 369 
A.G. 60, M. 51-5 57 82 116 145 
DS. 30, F. 57-5 65-5 66 775 260 289 
F.G. 24, F. 57 60 97 106 94 118 
D.K. 52, M. 59 69 83 92 140 175 
W.B. 18, F. 43 48 52-5 62 215 240 
G.H. 30, M. 80 89 130 144 180 225 
Mean values 57 65 84 97 174 204 
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subject to relax or inhibit his respiratory muscles. The fifteen subjects studied 
differed in the slope of their individual pressure-volume lines (AV/AP); the 
range being from 41-5 to 89 ml./om H,O. The mean value for all the subjects 
was 65 ml./cm H,O. Individual results are given in Table 1. There is a 
marked difference between this linear pressure-volume relationship and the 
curved pressure-volume line using Method 1, the difference becoming greater 
at higher inflation pressures. The results of Fenn et al. (1947) suggest that 
displacement of blood from the thorax by sustained positive pressure may be 
responsible for a large part of this difference. In addition, the possibility of 
viscous resistances being present under the conditions of Method 2 has been 
considered. However, after a minimum of 1 sec duration of sustained inflation 
pressure, it is thought unlikely that any appreciable viscous resistances would 
be present. We, therefore, attribute the major part of the difference between 
the pressure-volume relationship obtained by Methods 1 and 2 to blood 
displacement from the thorax. 

It should be noted that the projection of the pressure-volume line downwards 
never passed through the zero point but cut the abscissa at approximately 
2-0 cm H,O. It follows that a region of low thoracic compliance must exist 
at the beginning of the pressure-volume plot, the exact shape of which we 
shall consider (p. 10). The question then arises how should the results be 
expressed. If the compliance is calculated from the values when the pressure 
was raised to 20 cm H,O (V/P,.), a value is obtained which is modified by the 
region of low compliance to which we have drawn attention. If the compliance 
is expressed by the slope of the line, a higher value is obtained as it does not 
take into account the initial region of low compliance. The mean value 
V/Po was 57 ml./cmH,O. These results demonstrate that the thoracic 
compliance in anaesthetized subjects is markedly reduced as compared with 
the available data in conscious subjects, where the average value obtained was 
117 ml./em H,0 (see also p. 15). 


Determination of the lung and thoracic cage components of the total thoracic 
compliance 

In fifteen anaesthetized paralysed subjects cyclically inflated with positive 
pressure (Method 2) we measured the intra-oesophageal pressure in addition 
to the inflating pressure and the volume of air expired. We show on p. 13 that 
the intra-oesophageal pressure change accurately represents the change in 
intrathoracic pressure under these conditions. The pressure required to inflate 
the lung was taken as the difference between the inflating pressure and the 
intra-oesophageal pressure change. The pressure acting on the thoracic cage 
was the change in intra-oesophageal pressure produced during inflation. 

Fig. 6 shows a typical result. The pressure-volume relationships of the 
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thorax, the lung and the thoracic cage are shown separately. The following 
points should be noted. (1) The pressure-volume relationship of the lung and 
the thoracic cage over the range studied (excluding the initial part of the plot) 
was linear. (2) The lung compliance was considerably lower than that of the 
thoracic cage. (3) The projection of the lung line downwards never passed 
through the zero point; the thoracic cage pressure-volume line passed closer 
to the zero point than the lung line, and sometimes through the zero point 
itself. 

These regions of low compliance at low inflation pressures make it difficult 
to express the results quantitatively. While the main part of the pressure- 
volume line probably gives a true measure of the compliance of the lung or 
thoracic cage under these conditions, it. does not include the initial region of 
low compliance. We were unable to study the thoracic cage compliance at 
inflation pressures much above 5cm H,O because with our technique we 
were unable to raise the intra-oesophageal (=intra-thoracic) pressure by more 
than this amount. The fact that the projection downwards of the thoracic 
cage line frequently passed to the right of the zero point indicated that the 
thoracic cage often had a region of low compliance at low inflation pressures 
though to a smaller extent than the lungs. 

We have therefore treated our data for thoracic cage compliance in the same 
way as for total compliance and have calculated the ratio of volume to pres- 
sure at 5cm H,O (V/P;) as well as the slope of the main part of the pressure- 
volume line (V/P). Similarly, we have calculated two values for the lung 
compliance, namely the ratio volume/pressure at 10 cm H,O (V/P,9), and the 
slope of the main part of the line (AV/AP). Individual data are given in 
Table 2. The mean value for the slopes of the pressure-volume lines of the 
fifteen subjects was 97 ml./em H,O for the lungs, and 204 ml./em H,O for the 
thoracic cage. When the regions of low compliance were included, as described 
above, the mean value of V/P,, for the lung was 84 ml./em H,O; V/P, for the 
thoracic cage was 174 ml./cm H,O. It will be seen that both the lung, and, to 
a lesser extent, the thoracic cage compliances were lower than the correspond- 
ing published values in conscious subjects. Thus, Mead & Whittenberger 
(Ferris, Mead, Whittenberger & Saxton, 1952) reported that the thoracic cage 
compliance in eight conscious subjects had a mean value of 238 ml./em H,O 
and that the lung compliance had a similar value. 

Nims et al. (1955) attributed the lower total compliance of the thorax in 
anaesthetized subjects as compared with conscious subjects, to the presence 
of inspiratory muscle tone in the latter group. It might seem to follow from 
their interpretation of their results that under anaesthesia there is a decreased 
thoracic cage compliance. In view of these observations and speculations we 
were surprised to find that the major factor contributing to the decreased 
compliance under anaesthesia appeared to be a decrease in lung compliance. 


2 


10 J. B.L. HOWELL AND B. W. PECKETT 


As these conclusions, however, were based on a comparison of the mean 
values of two different groups of subjects, it was desirable to obtain compliance 
data in the same subjects conscious and subsequently anaesthetized and 
paralysed. Since it was not possible to train them in the relaxation pressure 
manoeuvre in advance, lung compliance alone was measured in the conscious 
subject by a technique which required no previous training. 


Comparison of lung compliance in conscious and in anaesthetized paralysed 
subjects 

Lung relaxation pressure curves were obtained as described in four supine 

_subjects within 3 hr before surgical operation. Lung compliance was also 


determined in these subjects after anaesthesia and muscular paralysis using ~ 


cyclical positive pressure inflation (Method 2). Fig. 7 shows a typical result. 
The mean value for the lung compliance in the four conscious subjects was 
154 ml./om H,O (range 120-200) and after anaesthesia and paralysis, 
109 ml./om H,O) range 95-144). Thus a decrease in the lung compliance of the 
order of 30% occurred when the subjects were anaesthetized, paralysed 
and inflated with cyclical positive pressure. These results confirm that lung 
compliance is lower in anaesthetized paralysed subjects though the magnitude 
of the decrease is considerably smaller than had been inferred from published 
data. 


The pressure-volume relationship of the thorax of anaesthetized and 
paralysed subjects at low inflation volumes 

This more detailed examination of the pressure-volume relationship at low 
inflation pressures was undertaken in two subjects in view of the unexpected 
finding reported above of a region of low compliance at the origin of the 
pressure-volume plot. The procedure described in Method 1 was used except 
that the intrapulmonary pressure was allowed to fall to zero between readings. 
Simultaneous recordings of changes in intra-oesophageal pressure were made. 
Above 3cm H,0 the pressure-volume plot obtained by this modification of 
Method 1 was identical with the plot when Method 2-was used. Fig. 8 shows 
this result. At 3 cm H,O the total compliance of the thorax was approximately 
27 ml./em H,O. We separated the total thoracic compliance into its lung and 
thoracic cage components as usual by reference to the changes in intra- 
oesophageal pressure. We found that the initial low total compliance was due 
mainly to an initial low lung compliance (over the first 3 cm H,O). In the other 


subject studied in this way, the inflexion in the pressure-volume plot occurred — 


at approximately 5cm H,Q; the more detailed breakdown of the total 
compliance was not carried out in this case. At these low inflation pressures, 
however, a small error in the recording of the intra-oesophageal pressure, or in 
the transmission of intrathoracic pressure change to the oesophagus, would 
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greatly alter the position of the pressure-volume lines of the lung and thoracic 
cage. However, the usual finding that the lung pressure-volume line beyond 
the region of low compliance, when projected downward, cut the abscissa 
further from the zero point than did the thoracic cage line, suggests that the 
lung is mainly responsible for the initial low compliance. 
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Fig. 7. Pressure-volume relationships of the lung of a supine subject when conscious, and sub- 
sequently when anaesthetized and paralysed. 


Fig. 8. Pressure-volume relationship of the thorax of a supine anaesthetized paralysed human 
subject to illustrate the region of low compliance at low inflation pressures. 


We have demonstrated that the low thoracic compliance at the origin of 
the pressure-volume plot was related to the absolute resting expiratory level. 
Using Method 2 we prevented the deflation of the thorax to the resting level 
by placing a weight on the spirometer bell so as to maintain a positive intra- 
pulmonary pressure of 6 cm H,0 at the end of expiration. Under these con- 
ditions the downward projection of the pressure-volume plot passed through 
the zero point. The significance of these findings is discussed on p. 17. 


The effect of anaesthesia and muscular paralysis upon the lung volume 
To make the comparison of the pressure-volume plots in conscious and 
unconscious supine subjects valid, we have to show that the functional 


12 J. B. L. HOWELL AND B. W. PECKETT 


residual capacity was the same in the two circumstances as the thoracic 
compliance is not constant over the whole range of total lung volume. The 
experiments described below demonstrate that such was in fact the case. 
Fig. 9 shows a spirogram obtained in a conscious subject using the oxygen- 
filled closed circuit spirometer system with carbon dioxide absorber (see 
Methods). The record shows the variable end-points usually considered to be 
characteristic of the apprehensive subject. Sodium thiopentone (0-4 g) was 


administered during the period marked by the arrows; with the onset of — 


anaesthesia a regular tracing with a smooth base line was obtained. At this 


stage there was a slight fall in the resting expiratory level (R.E.L.) of the order — 


i 
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Fig. 9. The effect of anaesthesia upon the resting expiratory level of a supine human subject. 
The irregular tracing starting in the lower right corner was obtained with the subject con- 
scious. Between the arrows 0-4 g sodium thiopentone was injected intravenously. The onset 
of anaesthesia was associated with a small drop (approximately 200 ml.) in the resting 
expiratory level and was followed by a regular spirogram. 


of 200 ml.; the previous elevation of the R.E.L. was perhaps due to the sub- 
ject’s anxiety about the whole procedure. Whatever its cause, the recorded 
drop in the R.E.L. was too small to account for the low thoracic compliance 
after anaesthesia. Fig. 10 shows the effect of complete respiratory paralysis 
with succinyl choline on the spirogram of an anaesthetized subject; no 


significant change in the R.E.L. occurred. Similar results were obtained in — 


three other subjects. 


Comparison of intrapleural and intra-oesophageal pressures 
during cyclical positive pressure ventilation 


Four subjects were studied before thoracotomy. In three of the subjects | 


(aged 48-56 years) the operation was being performed for a small apparently 


localized peripheral carcinoma of the lung. No evidence of pleural disease was | 
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found at operation. The subjects were in the supine position, anaesthetized 
and paralysed. Intermittent positive pressure ventilation was carried out by 
pressing on the anaesthetic bag. We were struck by the fact that in three of 
the subjects when the pleural cavity was first entered, a sucking-in of air did 
not take place, by contrast with what is always seen in the conscious subject 
in the lateral recumbent position. This finding was accounted for when the 
resting intra-pleural pressure (in the pneumothorax) was recorded. It was 
atmospheric pressure in two subjects and less than —1 cm H,0 in a third. 
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Fig. 10, The effect of complete muscular paralysis upon the resting expiratory level. The spiro- 
gram (starting in the lower right corner) was obtained in a supine anaesthetized human 
subject; at the arrow, 100 mg succinyl choline was injected intravenously which resulted in 
complete cessation of recordable respiratory movements after } min; no significant change in 
the resting expiratory level occurred; oxygenation of the subject was maintained by 
‘ diffusion irati ‘ 


The simultaneously recorded intra-oesophageal pressure at the resting expira- 
tory position was positive, the value being 3-5 cm H,0. Cyclical positive 
pressure ventilation was carried out and intrapleural and intra-oesophageal 
pressures were recorded simultaneously by two independent observers. In 
two of the subjects the pressure changes were identical at both sites; in the 
third the intra-oesophageal pressure changes were consistently }-1 cm H,O 
lower than the intrapleural. 

In a fourth subject aged 21 years, in whom thoracotomy was being per- 
formed for a neurofibroma, the resting intrapleural pressure was —3-75 cm 
H,0. For technical reasons, it was not possible to make a comparison of 
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intrapleural and intra-oesophageal pressure changes in this subject. These — 


results validate the use of the intra-oesophageal pressure changes as a mea- 
sure of the intrathoracic pressure changes. _ 


Comparison of thoracic compliance in anaesthetized and paralysed subjects 

We thought it desirable to extend the work reported above by studying the 
thoracic compliance (using Method 2) in subjects, first when they were 
anaesthetized only, and then when they were anaesthetized and paralysed. 
In this way we hoped to obtain information about the occurrence of respiratory 
reflexes set up by inflation of the thorax in man. 
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Fig. 11. The pressure-volume relationship of the thorax of a supine, lightly anaesthetized human | 


subject ventilated with cyclical positive pressure (Method 2) is represented by the crosses ( x ), 

_ complete muscular paralysis was then induced with succinyl choline and the pressure-volume 
relationship again determined (represented by the dots @); the pressure-volume relationship 
was identical. 


Van Liew (1954) found that the thoracic compliance in anaesthetized dogs 
was increased after cutting the vagi. He therefore concluded that during infla- 
tion of the chest afferent vagal impulses were set up which caused active 
expiration. Nims e al. (1955) refer to animal experiments of their own in 
which similar results were obtained. In the anaesthetized paralysed subjects 
such expiratory reflexes could obviously play no part. 
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Our procedure was to determine the pressure-volume relationship in the 
anaesthetized subject and then immediately afterwards after complete 
paralysis of all his respiratory muscles with succinyl choline. Fig. 11, which 
represents a typical result, shows that the pressure-volume relationship is 
indistinguishable in the anaesthetized and anaesthetized paralysed subject. 
We have thus been unable to detect any reflex expiratory contraction in 
response to thoracic inflation. 


DISCUSSION 


We have shown that the total thoracic compliance in anaesthetized paralysed 
subjects cyclically ventilated in the supine position is lower than the reported 
values in conscious supine subjects (Rahn e¢ al. 1946). Our results using 
Method 1 confirm those of Nims ef al. (1955), though the method we used 
(prolonged positive pressure inflation) differed slightly from theirs. When using 
this method, the shape of the pressure-volume relationship is probably 
influenced by ‘displacement’ of blood from the chest. To minimize this 
complication we employed our Method 2, cyclical positive pressure ventilation. 
A different pressure-volume relationship was obtained by this technique indica- 
ting that the thoracic compliance values obtained by artificial respiration 
techniques are not absolute but depend in part on the conditions of measure- 
ment, which should therefore always be stated. 

There are a number of determinations in the literature of thoracic compli- 
ance in the supine posture in conscious subjects (Rahn et al. 1946; Otis, Rahn 
& Fenn, 1946; Nims e¢ al. 1955; Otis, Fenn & Rahn, 1950; Ferris et al. 1952). 
When the mean values quoted by all these investigators are averaged they give 
an average mean value of 124 ml./em H,O at 20cm H,0. In five subjects 
who were studied using cyclical ventilation in a tank respirator, the mean 
value was 117 ml./cm H,O. It should be borne in mind that the tank respirator 
produces, as far as the thorax is concerned, cyclical positive pressure ventila- 
tion; this group of results in conscious subjects can therefore be directly — 
compared with ours in anaesthetized paralysed subjects, as our Method 2 
likewise produced cyclical positive pressure. 

We must now consider how the decreased total, lung and thoracic cage 
compliances in anaesthetized paralysed subjects is brought about. Nims 
et al. (1955) consider the following possible factors: (1) bronchial obstruction; 
(2) pulmonary congestion; (3) changes in skeletal muscle tone; (4) changes in. 
vagal reflexes. We have reviewed the possible part played by these factors in 
our experiments. 

(1) Bronchial obstruction. There was never any suggestion clinically of 
bronchial obstruction which is a very infrequent complication of sodium 
thiopentone administration. Bronchospasm occasionally occurs following 
curare administration and has been observed with succinyl choline when 
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administered to cats (personal observation). But as we obtained identical 
results in anaesthetized and in anaesthetized paralysed subjects, the neuro- 


muscular blocking agents could not have acted in any specific way. Con- 


clusive evidence has been obtained that viscous resistances were absent during 
measurements made using Method 2 (Campbell, Howell & Peckett, 
unpublished). 

(2) Pulmonary congestion. There was no clinical evidence of pulmonary 
congestion at any time during the period of study. Johnson (1951) has 
reported a 12° decrease in pulmonary blood volume following barbiturate 
anaesthesia and muscular paralysis. In addition, it is likely that positive pressure 
inflation would antagonize any tendency for pulmonary congestion to occur, 

(3) Changes in lung volume. No significant change in lung volume occurred 
during anaesthesia and paralysis. 

(4) Changes in muscle tone and reflex effects. As we obtained identical results 
in the anaesthetized and anaesthetized paralysed subject, it follows that 
changes in muscle tone produced by any means, including reflex effects via 
the vagi, played no part in producing the decreased thoracic compliance after 
anaesthesia. | 

It seems at first sight that the difference in the thoracic compliance between 
conscious and anaesthetized subjects is due to the presence of inspiratory 
muscle activity in the conscious subject during the measurement of com- 
pliance. If this were so, then under anaesthesia only the thoracic cage 
compliance should decrease. Direct measurement of the two components of 
the total compliance showed, however, that the lung compliance was also 
signficantly decreased, compared both with the values reported for normal 
conscious subjects (Mead & Whittenberger, cf. Ferris e¢ al. 1952) and with the 
same subjects when conscious. The change in the thoracic cage compliance 
can be attributed to the loss of inspiratory muscle activity following anaesthesia 
when artificial ventilation is performed. But the explanation of the decreased 
lung compliance which apparently occurs when the conscious subject is 
anaesthetized and then artificially ventilated is more obscure. 

The crucial question to be considered is whether one is justified in comparing 
the results obtained from studies in the conscious state with those obtained 
during positive pressure inflation of the thorax in anaesthetized or anaes- 
thetized paralysed subjects. We would suggest that when the respiratory 
muscles are not in action and the thorax is ventilated with intermittent 
positive pressure, the entire mechanical situation may be so altered that it is 
no longer comparable with that present in the conscious (and probably also in 
the unconscious) naturally respiring subject. 

When a person breathes normally, the shape of the thorax is altered by 
muscle action and the external configuration of the lungs has to follow that of 
the thoracic cage; the change in the shape of the thorax is determined by the 
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resultant of the particular pattern of muscular action employed and the 
visco-elastic resistances of the lungs and of the thoracic cage. When the 
paralysed subject is ventilated by positive pressure, the pattern of inflation 
of the lungs is no longer dependent on the changing shape of the thoracic cage. 
The two components of the thorax now present a single visco-elastic resistance 
to the inflating pressure and the pattern of inflation of the thorax will depend 
on the magnitude and distribution of their combined resistances. As the 
thorax almost certainly has a different shape in the two circumstances, 
the distribution of the inspired volume would also be different. The distri- 
bution of naturally inspired gas is relatively even (Briscoe, Becklake & 
Rose, 1951); but any major deviation from this pattern of inflation would 
presumably result in overventilation (i.e. overdistension) of some regions of 
the lungs and under-ventilation of others. There would thus be a lower effective 
volume of lung being inflated and the compliance measured under such cir- 
cumstances would be lower than that of the same lung when evenly, i.e., 
naturally, inflated. The decrease in thoracic cage compliance under anaes- 
thesia might also be due to an alteration in the pattern of expansion, but 
whether this or the absence of inspiratory muscle activity when the uncon- 
scious subject is artificially inflated is the main contributing factor is not known. 

A further unexpected finding was the region of low total compliance at 
volumes immediately above the resting expiratory level. Direct measure- 
ment suggested that this was largely due to a low lung compliance. In the 
course of the experiments to validate the use of the changes in intra-oesopha- 
geal pressure as a measure of the changes in intrathoracic pressure, we 
observed in three subjects that the intrapleural pressure was at or very close 
to atmospheric pressure. As the elastic tissues of the lung were not stretched 
at this level, an important factor normally concerned with the maintenance of 
the patency of the smaller airways was absent, so that collapse of the less 
rigid airways might occur. We suggest therefore that the low compliance at 
the origin of the pressure-volume plot is due to the pressure required to open 
these collapsed units. 

The constant finding of an initial region of low compliance, even though the 
intrathoracic pressure was sometimes below atmospheric at the resting expira- 
tory level, suggests that progressive collapse of some of the airways occurred 
while the intraluminar pressure was positive relative to the surroundings. 
This closure of the airways against positive pressure resembles the critical 
closing pressures described for certain blood vessels of the rabbit and frog by 
Nichol, Girling, Jerrard, Claxton & Burton (1951), and the pressures at which 
this closure occurred appears to have the same order of magnitude 
(3-5 cm H,O). The absence of'a low initial compliance region when a positive 
end-of-expiration intrapulmonary pressure of 6 cm H,O was maintained is 


consistent with this interpretation. — 
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SUMMARY 


1. Thoracic compliance was determined by two methods in twenty-three 
anaesthetized paralysed supine human subjects. 


2. Using prolonged positive pressure inflation the pressure-volume relation- — 
ship was curved. Over 0-20 cm H,0 inflation pressure the mean total thoracic © 


compliance was 78 ml./cm H,0. 

3. Using cyclical positive pressure inflation, the pressure-volume relation- 
ship was linear between 5 and 20cm H,0 inflation pressure. Over the 
range 0-20 cm H,O the mean compliance was 57 ml./em H,O. There was a 
region of low thoracic compliance at the origin of the pressure-volume plot; 


an alternative expression which excluded this region was derived from the — 


slope of the pressure-volume line. 

4. The separate lung and thoracic cage compliances were determined. The 
mean lung compliance was 84 ml./om H,O and the mean thoracic cage com- 
pliance was 174 ml./eom H,O. The total and component thoracic compliances 
are lower than published values in conscious subjects, 

5. No reflex expiratory activity occurred in anaesthetized waren in 
response to thoracic inflation. 

6. No significant change in the functional residual capacity occurred during 
the induction of anaesthesia and subsequently during complete muscular 
paralysis. 

7. It is suggested that the low compliance of the lung in the artificially 
ventilated subjects may be due to an alteration in the distribution of inflation. 

8. The initial low compliance at the origin of the pressure-volume plot is 


attributed to collapse of some airways over a transmural pressure range of © 


about +3-5 cm H,0. 


The late Professor Samson Wright gave us immeasurable help and guidance during this work 
and we would like to record our gratitude. We would like to thank Professor Alan Kekwick, 
Dr Bernard Johnson and Dr O. P. Dinnick for their encouragement and for their help in the selec- 
tion of the cases. In the earlier part of this work Dr Moran Campbell gave valuable help and 
advice. Part of this work was done while one of us (B. W. P.) was Research Assistant to the 
Poliomyelitis Unit at the Western Fever Hospital. 
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THE EFFECT OF SELECTIVE INHIBITION OF PSEUDO- 
CHOLINESTERASE ON THE SPONTANEOUS AND EVOKED 
ACTIVITY OF THE CAT’S CEREBRAL CORTEX 


By J. E. DESMEDT anp G. LA GRUTTA* 


From the Laboratoires de Pathologie générale et de Morphologie animale, 
University of Brussels, Belgium 


(Received 11 June 1956) 


It has been shown that the two main types of cholinesterase (ChE) occur in 
appreciable amounts in the mammalian brain (Burgen & Chipman, 1951; Ord — 


& Thompson, 1952) and that they have a characteristic distribution, true ChE 
being associated mostly with nerve cells and pseudo-ChE with glial cells 
(Koelle, 1951, 1954; Hebb, Silver, Swan & Walsh, 1953; Biilbring, Philpot & 
Bosanquet, 1953; Cavanagh, Thompson & Webster, 1954). It is also known 
that various inhibitors of ChE produce an activation-desynchronization of the 
spontaneous electrical activity of the cerebral cortex (Wescoe, Green, 
McNamara & Krop, 1948; Bremer & Chatonnet, 1949; Bradley, Cerquiglini & 
Elkes, 1953; Rinaldi & Himwich, 1955). 

In the present paper an attempt is made to find out whether the pharmaco- 


logical arousal elicited by anti-ChE drugs can be attributed to differential — 


inactivation of either the true ChE or the pseudo-ChE of the brain. For this 
purpose, a number of compounds inhibiting selectively either type of ChE were 


administered by arterial injection to the brains of cats, and a threshold dose — 


producing a clear-cut arousal effect was defined in each case. 


When using such pharmacological tools, a number of precautions are essen- _ 
tial because the selectivity of these compounds is only relative: indeed it may — 


vary by a factor of 100 from one mammalian species to another (Adams & 
Thompson, 1948; Hawkins & Mendel, 1949; Austin & Berry, 1953). It was 
therefore essential first to assess the degree of selectivity of the inhibitors used 


on the relevant enzyme preparations obtained from the cat. In addition, it 
was thought advisable to standardize the inhibitors in vivo on a phenomenon ~ 
which depends on inactivation of the true ChE. Potentiation of the indirect 


twitch of the cat’s tibialis muscle was chosen for this purpose. A short account 


of the results has already been published (Desmedt & La Grutta, 1955). 


* Research Fellow of the Consiglio Nazionale delle Ricerche of Italy. 
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METHODS 
Estimation of ChE activity in vitro 

Homogenates of cat’s brain were used as source of ChE. Cats were anaesthetized with ether, the 
thoracic aorta cannulated and the head perfused with saline until the venous return was colourless. 
The brain was quickly taken out, dropped into ice-cold buffer solution, and homogenized according 
to the Potter & Elvehjem (1936) technique. The buffer used throughout the experiment con- 
tained 150mm-NaCl,30mm-MgCl, and 25mm-NaHCO,, equilibrated with 5 % CO, in N, (Nachman- 
sohn & Rothenberg, 1945). 

The esterase activity was determined according to Ammon’s (1934) adaptation of the Warburg 
manometric technique, in which the acid liberated by the hydrolysis of a choline ester displaces an 
equivalent amount of carbon dioxide from the buffer. The enzyme preparation was placed in the 
main compartment of the vessel and equilibrated at 37° C with 5% CO, in N, in the gas phase. The 
substrate used for measuring true ChE activity was acetyl-8-methylcholine (provided by Produits 
Sanders, Brussels) and was added to give a final concentration of 30 mm. The substrate used for 
measuring pseudo-ChE activity was butyrylcholine (provided by Produits Roche, Brussels), added 
to give a final concentration of 10 mm. The enzyme was incubated with the inhibitor for 30 min at 
37° C before the substrate was tipped in. The readings were started 10 min after mixing and were 
carried on at intervals for 30 or 60 min. The concentration of enzyme was such that the gas 
evolution was approximately linear with respect to time. 


Experiments on the cat's tibialis muscle 

Most experiments were performed on cats anaesthetized with chloralose (50 mg/kg 1.v.). A few 
experiments were obtained on decerebrate cats, decerebration itself being cagried out under ether 
anaesthesia. The sciatic nerve was ligated at the level of the trochanter; its medial branch was also 
ligated. The preparation was mounted on the Brown-Schuster myograph stand and the tibialis 
muscle was made to pull on a flag-spring myograph recording on a smoked drum. The peroneal 
nerve was placed on shielded silver electrodes through which supramaximal electric shocks 
(0-1 msec duration and a few volts amplitude) were applied at 10 sec intervals. The carotid blood 
pressure was recorded with a mercury manometer. Muscular and rectal temperatures were 
adequately maintained. 

The anti-ChE were given by distant arterial injections made into the central stump of the 
opposite external iliac artery, while pulling on a loose thread passed around the lower abdominal 
aorta. The internal iliac arteries were ligated. Increasing doses of an inhibitor were injected at 
about 30 min intervals until a potentiation of the indirect twitch was observed. Preliminary trials 
provided an approximate estimation of the pharmacological threshold. In the final experiments 
not more than two subthreshold doses were injected in the same cat so as to minimize complica- 
tions by tachyphylaxis or sensitization. Each determination of a minimal effective dose was made 
on a different cat. 

Experiments on the cat’s brain 

The anti-ChE drugs were tested on the ‘encéphale isolé’ and the ‘cerveau isolé’ preparations 
(Bremer, 1937) as well as on animals immobilized by a prebulbar transection of the neuraxis. 
These preparations were made under ether anaesthesia in adult cats weighing 2-4 kg. Most 
experiments were made on the ‘encéphale isolé’ in which the neuraxis is transected by a blunt 
spatula at the level of C1, the animal being kept thereafter under artificial ventilation (23 strokes/ 
min; volume of respiratory pump adapted optimally). In the ‘cerveau isolé’, the transection is 
performed at the level of the anterior colliculi and passes just in front of the pons. In the pre- 
bulbar preparation, the neuraxis is severed in front of the medulla behind the emergence of the 
V nerve. | 

In each experiment, at least 1 hr elapsed between the discontinuation of ether and the beginning 
of the actual experiment. In order to avoid any pharmacological actions on the brain, no 
curarizing drugs, anticoagulants, local anaesthetics, ephedrin or analeptics were given. The rectal 


a 
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temperature was maintained around 38° C by means of a heating pad and in a number of experi- 
ments the femoral blood pressure was recorded with a mercury manometer. For the study of the 
effects of anti-ChE only preparations were used which exhibited a stable sleep, showed no cerebral 
oedema, had a stable blood pressure higher than 70 mm Hg and good spinal reflexes. In most 
experiments not more than one subthreshold dose of anti-ChE was injected, in order to avoid 


possible complications due to tachyphylaxis or sensitization. 


Text-fig. 1. Schematic drawing of the carotid circulation in the cat and methods of arterial 
injection into the brain. Ventral view of the right carotid artery; the extracranial portion of 
the vascular tree is represented in black, the intracranial in stipple; a polythene cannula for 
injections is tied into the lingual artery. Loose cotton threads are placed differently (A 1, 
B2 and 3) in order to direct the injected fluid as intended (for details see text). 


Arterial injections. The carotid circulation of the domestic cat presents certain unusual features, 
the most conspicuous of which is the reduction of the internal carotid artery to a non-functional 
vestige (Davis & Story, 1943). A number of readjustments have followed, namely, the develop- 
ment of important anastomoses diverting blood from the external carotid artery to the brain. The 
illustration (Text-fig. 1) is based on the thorough anatomical study of Davis & Story (1943) which 
agrees with our own dissections. 

The cerebral circulation is mainly derived from an important anastomosis with the internal 
‘maxillary artery, which is the continuation of the external carotid. At the level of the V nerve, the 
internal maxillary gives rise to a network of fine vessels, the rete externum, which resolves itself 
into several arteries entering the orbital fissure and joining the circle of Willis. Other contribu- 
tions to the cerebral circulation are given by the ascending pharyngeal artery which has taken over 
the function of the internal carotid, and by an anastomotic vessel derived from the middle 
meningeal artery. 

The arterial injections were made through a polythene cannula inserted into the lingual artery, 
thus avoiding any reduction in carotid blood flow to the brain. No anticoagulant was needed 
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provided the cannula was full of Ringer’s solution. Loose cotton,threads were passed around the 
main arterial trunk in order to be able to direct the injected fluid in either of the following 


ways. 

In the first method a gentle traction on the thread marked ‘1’ (Text-fig. 1A) at the moment of 
the injection interrupts the flow of blood in the external carotid and directs the injected fluid (1 ml.) 
via the internal maxillary. Although the external maxillary is ligated, a number of other branches 
supplying the face, the orbit and the mouth, are free so that the drug is distributed not only to the 
brain but also to many extra-cerebral tissues, but it does not reach the carotid sinus and glomus. 

In the second method (Text-fig. 1B) two threads marked ‘2’ and ‘3’ are used to make the 
injected fluid (0-5 ml.) pass into the ascending pharyngeal artery. With this method only a small 
fraction of the injection is diverted into extracerebral tissues, to some pharyngeal and posterior 
cervical muscles via the occipital artery and to the carotid glomus, but not to the skin. 

In both methods, the cotton threads are released immediately after the injection, thus allowing 
fresh blood to wash the whole system. Dead space is reduced to a minimum and the drugs reach 
the sensitive spots in a standard manner. The procedure was inspired by the original method 
devised for skeletal muscle by Brown, Dale & Feldberg (1936). The Ringer’s solution used had the 
following composition (mm): NaCl 155, KCl 2, CaCl, 1, NaHCO, 4 and NaH,PO, 0-1. 

Recording electrical activity. The electrical activity of the cerebral cortex was picked up with 
two pairs of Ag-AgCl wick electrodes, one of which was placed on the pial surface, the other on 
the calvarium (monopolar recording). The potentials were fed into a conventional RC differen- 
tial amplifier with 1 MQ input resistance and 0-1 sec over-all time constant. They were observed on 
a double-gunned DuMont cathode-ray oscilloscope. The spontaneous activity was recorded on 
moving film. The evoked responses were displayed by the time base of the oscilloscope, and eight 
successive sweeps were generally superimposed in each exposure of the camera. This procedure 
was adopted because the responses can fluctuate appreciably and we looked for clear-cut 
changes in mean amplitude of the potentials rather than for minor alterations in their 
shape. 

Various regions of the cerebral cortex were investigated, but in each experiment one electrode 
was placed on a sensory receiving area in order to study evoked potentials. In most experiments 
the primary acoustic area (gyrus ectosylvius medius) was selected and sensory responses were 
evoked in either of two ways: (1) a brief acoustic stimulus, a click, synchronized with the time base 
sweep, was produced by applying a 0-1 msec electrical pulse to a loudspeaker; a complex acoustic 
stimulus was so obtained, the first component of which is a sharp deflexion about 0-2 msec dura- 
tion; (2) an electric shock, 0-1—0-5 msec duration, was applied to the medial geniculate nucleus by 
means of a bipolar concentric electrode orientated with a stereotaxic instrument (Labtronics Inc., 
Chicago). In a few experiments the primary visual area was investigated. Sensory responses were 
evoked in the area striata either by an electric shock on the optic nerve in the orbit, or by stimula- 
tion of the lateral geniculate nucleus. The interval between successive sensory stimulations was 
2-15 sec, sufficient to avoid interaction of the responses. 

Histological examination. When the experiment was completed, the cat’s head was perfused first 
with saline and then with 10% formalin. After fixation, the brain was sectioned serially along 
the Horsley-Clarke frontal plane. The electrode track was identified in Niss] stained sections. The 
lesions actually produced in the ‘cerveau isolé’ and prebulbar preparations were also checked in 
serial sections. 

Cholinesterase inhibitors 

DFP, ditsopropylfiuorophosphonate, mol. wt. 185. 

Ro 2-0683, dimethylcarbamate of nium bromide, 
mol, wt. 393-3. 

Ro 2-1250, N-p-chlorophenyl-N-methylearbamate of 3-hydroxyphenyl-trimethy 
bromide, mol. wt. 399-7. 

BW284 C51, 3-oxo-1:5-diphenylpentane-pp’-bis (allyldimethylammonium) dibromide, mol. 
wt. 566. 
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DFP (Mazur & Bodansky, 1946; Koelle & Gilman, 1946) and Ro 2-0683 (Hawkins & Gunter, 
1946) are selective inhibitors of the pseudo-ChE, whereas Ro-1250 (Hawkins & Mendel, 1949) and 
BW 284 C5l (Austin & Berry, 1953) are selective inhibitors of the true ChE. 

DFP, which was obtained through the courtesy of Professor Z. M. Bacq (Lidge), is unstable in 
aquedus solution and was kept as a 1% stock solution in isopropylic acid up to the time of each 
injection. Ro 2-0683 and Ro 2-1250 were kindly provided by Dr Vandendael, Produits Roche 8.A., 
Brussels. BW 284 C51 was kindly given by the Wellcome Research Laboratories, Beckenham. 
For these three compounds, 1/1000 fresh stock solutions were prepared in acid saline before each 
experiment. 


100F 4 Ro 2-0683_ 40 
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Percentage inhibition 


Text-fig. 2, Effect of selective inhibitors on the activity of the cholinesterases present in cat’s 
brain homogenates. Each of the diagrams presents the curves corresponding to one of the 
four inhibitors tested with butyrylcholine (©) or acetyl-8-methylcholine (@) as substrate; 
arrows indicate the 750 values. A, Ro 2-0683; B, DFP; C, 284C51; D, Ro 2-1250. Abscissae, 
decimal logarithm of the molar concentration of the inhibitor. Ordinates, percentage inhibi- 
tion of enzymic hydrolysis. 


RESULTS 
Effect of selective inhibitors on cat’s brain cholinesterases 

The two main types of choline ester-splitting enzymes present in mammalian 
tissues can easily be identified by their different substrate specificity pattern 
(see Whittaker, 1951) and their respective concentrations in an extract may be 
estimated even when they occur simultaneously. The results are presented in 
the usual way by plotting the percentage inhibition of hydrolysis against the 
molar concentration of the inhibitor, enzyme and substrate concentrations 
being kept constant (Text-fig. 2). For each inhibitor two S-shaped curves are 
obtained which correspond to the inhibition of the true ChE and pseudo-ChE. 

The selectivity of a given inhibitor is greater when the two curves lie further 
apart along the abscissa. In agreement with previous work on other enzyme 
preparations, the present results indicate that DFP and Ro 2-0683 inactivate 
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pseudo-ChE at much lower concentrations than true ChE; conversely, 
Ro2-1250 and BW 284 C51 are more efficient on true ChE, BW 284 C51 being 
much more selective than Ro 2-1250. The selectivity of each inhibitor may be 
expressed quantitatively by taking the ratio of the 150 values of true ChE and 
pseudo-ChE, that is, the ratio of those inhibitor concentrations which achieve 
50% inactivation of the respective cholinesterases, This ratio is shown in 
Table 1, column 3. | 


Mean thres- Mean thres- 
I 50 for I 50 for hold dose hold dose 


Ratio on muscle on brain 
(10-* m) (10-* m) (1) : (2) (10-* mole) (10-* mole) 
(1) (2) (3) (4) (5) 


DFP 0-13 560 0-000238 6-5 
Ro 2-0683 1 360 0-0028 24 1-3 
Ro 2-1250 13 0-8 16 3 17-5 
BW 284 C51 22-000 66 330 0-9 (40) 


It is to be observed that the figures collected in columns 1 and 2 express ‘concentrations’ of 
inhibitors within the Warburg flasks, whereas in columns 4 and 5 the figures represent ‘amounts’ 
of inhibitors injected into the artery; these amounts are diluted in an unknown volume of fluid 
(in cat’s head or leg respectively) which should however be roughly comparable from one experi- 
ment to the other. 


Effect of the inhibitors on the tibialis muscle preparation 

Anti-ChE like physostigmine potentiate the mechanical response of mam- 
malian skeletal muscle to a single nerve volley. This effect is due to a repetitive 
response of the muscle when the action of the liberated acetylcholine is pro- 
longed (Brown et al. 1936; Brown, 1937). Now the ChE located in the motor 
end-plate region is essentially of the true type, the amount of pseudo-ChE 
present being negligible (Koelle, 1951; Brooks & Myers, 1952; Denz, 1953, 
1954). It so appears legitimate to assay selective inhibitors of ChE for their 
potency of inhibiting true ChE in vivo by testing them on a preparation like 
the sciatic nerve—tibialis muscle of the cat, and by estimating threshold doses 
which potentiate the twitch. 

However, potentiation as such is not a reliable indication that the end-plate 
ChE has been inactivated. Purely depolarizing drugs like decamethonium 
(Paton & Zaimis, 1949; Zaimis, 1951) or choline (Hutter, 1952) can also 
increase the size of the maximal indirect twitch. The inhibitors used in the 
present investigation, with the exception of DFP, contain a quaternary 
ammonium group; they might thus also act as depolarizing agents (see Ing, 
1936), in which case potentiation would no longer necessarily imply inactiva- 
tion of true ChE. Actually, the two types of potentiation can be distinguished 
by the following three tests, which enabled us to establish that the substances 
used acted effectively by inhibiting ChE. (1) The potentiation produced by 
anti-ChE develops gradually and lasts relatively long, whereas the potentia- 
tion due to depolarizing drugs develops abruptly and is of short duration. 
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(2) With anti-ChE, the potentiation increases with dosage; by contrast, 


depolarizing agents block transmission at supraliminal doses. (3) Ifa tetanus — 


is produced during a potentiation by anti-ChE, it is observed that the first 


post-tetanic twitches are reduced in size because the unhydrolysed ACh has é 


Text-fig. 3. Effect of Ro 2-0683 on tibialis muscle in a 2 kg cat under chloralose anaesthesia. 
Isometric twitches elicited by supramaximal shocks to the sciatic nerve every 10 sec with 
interpolated 8 seo tetanus {() of 50 shocks/sec. A, control; B, C and D, effect of arterial 
injection of 60, 90 and 1000 yg Ro 2-0683. Lower tracing, carotid blood pressure. 


been accumulated to paralysing concentration in the muscle (Bacq & Brown, 
1937). With depolarizing drugs, no such post-tetanic depression occurs 
(Paton & Zaimis, 1949; Paton, 1951). 


Text-fig. 3 illustrates the potentiating effect of Ro 2-0683 on a maximal 


twitch response. The potentiation develops gradually and lasts relatively long. 
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A dose of 1 mg produces a much stronger potentiation than 90 pg, the threshold 
dose in this experiment. The post-tetanic initial depression is evident from 
a comparison of A with C and D. Before the anti-ChE is injected a short 
tetanus interpolated between the single volleys produces an increase in twitch 
tension (Brown & von Euler, 1938) which is greatest with the first twitch 
after the tetanus. After the injection of the anti-ChE the first post-tetanic 
twitches are reduced in comparison with the later twitches. After the large 
dose of Ro 2-0683, at D, the tetanus itself is not maintained. This also is 


Text-fig. 4. Effect of Ro 2-1250 on tibialis muscle in a 2-8 kg decerebrate cat. Isometric twitches 
elicited by supramaximal shocks to the sciatic nerve every 10 sec with interpolated 8 sec 
tetanus ({) of 50 shocks/sec. A, control; B, effect of arterial injection of 8 yg of Ro 2-1250. 
Lower tracing, carotid blood pressure showing pronounced rhythmic respiratory waves. 


a feature characteristic for inhibition of cholinesterase (Briscoe, 1936). The 
threshold amounts of Ro 2-0683 required to produce potentiation of the twitch 
tension, determined in five experiments, were 80, 90, 100, 100 and 110 yg, 
with a mean of 95 wg corresponding to 24 x 10-* mole. : 

The potentiating effect of DFP on the twitch response of the tibialis muscle 
was first described by Brown, Burns & Feldberg (1948). The threshold amounts 
necessary to elicit the effect were determined in six cats: they were 120, 150, 
160, 200, 300 and 300 yg, a mean of 205 yg, corresponding to 111 x 10-* mole. 

The effect on the tibialis muscle of threshold doses of the two selective 
inhibitors of true ChE is illustrated in Text-figs. 4 and 5, showing the gradual 
development of the potentiation and the relative depression of the first two 
twitches following an interpolated tetanus. The threshold amounts determined 
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in five experiments for Ro 2-1250 were 5, 8, 10, 14 and 20 yg, a mean of 
11-5 pg, corresponding to 3x10-* mole. The corresponding values for 
BW 284 C51 determined in five other cats were 2-5, 4, 5, 5 and 10 wg, a mean 
of 5 ug, corresponding to 0-9 x 10-* mole. 

The mean threshold doses of each inhibitor are presented in Table 1, 
column 4. When compared with the concentrations of drug required to achieve 
50% inhibition of either enzymes in vitro (I 50 values, columns 1 and 2) it will 
be seen that on a molar basis the inhibitors selective for true ChE potentiate 
the twitch more efficiently than the inhibitors selective for pseudo-ChE. 


Text-fig. 5. Effect of BW 284 C51 on tibialis muscle in a 3-2 kg cat under chloralose anaesthesia. 
Isometric twitches elicited by supramaximal shocks to the sciatic nerve every 10 sec with 
interpolated 8 seo tetanus (()) of 50 shocks/sec. A, control; B, effect of arterial injection of 
2-5 pg of BW 284 C21. Lower tracing, carotid blood pressure. 


Experiments on the cat’s brain 

Assessment of the excitatory state of the cerebral cortex; effect of arousal on 
evoked potentials. Typical electrocortical patterns of sleep with large slow 
waves are frequently seen in the ‘encéphale isolé’ preparation, in which the 
high spinal section has reduced the inflow of sensory signals sustaining the 
activity of the activating ascending reticular formation (see reviews by 
Magoun, 1950, and Dell, 1952). In the animal with a prebulbar transection, 
a stable sleep is more regularly obtained and there is a greater amount of slow 
waves in the record. When these preparations are aroused to wakefulness, the 
increase of the cortical excitatory state is associated with a reduction in slow 
waves and a preponderance of low-voltage fast activity. 

The ocular symptomatology may also give an indication of the ‘tonus 
cortical’ in these preparations since the transections are made caudal to the 
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oculomotor centres in the midbrain (Bremer, 1937). In sleep, the nictitating 
membranes relax, the eyes sway down and the pupils constrict. In the aroused 
state, the nictitating membranes are retracted, the pupils dilate and the eyes 
may exhibit small exploratory movements. 

Another sign which may provide a useful index to the excitatory state of the 
cortex is the amplitude of the evoked sensory potentials. Bremer & Bonnet 
(1950) showed that the response of the cortical auditory area to a click 
stimulus can be considerably reduced when an ‘encéphale isolé’ is aroused to 
alertness. Related observations were made by Pertuiset, Marty & Scherrer 
(1953), Gellhorn (1953) and Schneider (1954) who showed in different prepara- 
tions that slowing of spontaneous electrocortical activity was associated with 
an increase in the evoked responses. | | 


A. Asleep B. Awake C. Asleep 


Acoustic 


Click 


Text-fig. 6. Cat 2 kg, ‘encéphale isolé’. Persistence of acoustic message at thalamic level when the 
cortical response is decreased in natural arousal. Responses to a click in the cerebral cortex 
(auditory I) and in the medial geniculate nucleus; three successive sweeps superimposed. 
Appearance of pupil above records; A, spontaneous sleep; B, cat’s head wakes up as experi- 
menter manipulates its face; C, cat again asleep. Recording deep electrode located in 
parvocellular division of the medial geniculate nucleus in the frontal plane anterior 7; 
negativity of the active electrode produces an upward deflexion. 


The above-mentioned observations can be explained by supposing that, in 
arousal, many cortical neurones are firing so actively that they are no longer 
available to participate in the evoked response which is now ‘occluded’ 
(masking effect) (Bremer, 1953). However, such an interpretation is only 
valid if it can be shown that the decreased cortical response does not result 
from attenuation of the sensory message at lower relay stations (see Hagbarth 
& Kerr, 1954). 

Direct evidence on this point was obtained by comparing thalamic and 
cortical responses to acoustic (click) or visual (shock on optic nerve in the 
orbit) stimuli, in ‘encéphales isolés’ exhibiting ‘labile’ sleep. A typical 
experiment is illustrated in Text-fig. 6. The response of the medial geniculate 
nucleus to a click, recorded with a monopolar electrode (exposed tip about 
200 2) orientated stereotactically, has the appearance of a positive signal 
which presumably represents presynaptic activity in the nucleus (Rose & 


4 
an 
7 
ys 
en. n 
i» 4 
a 
4 
ag 
. 


30 J. E. DESMEDT AND G. LA GRUTTA 


Galambos, 1952). It has a shorter latency than the cortical large positive 
wave. When the preparation is aroused the constricted pupils dilate, and the 
evoked cortical response disappears, whereas the evoked response in the 
geniculate nucleus persists (B). A few minutes later, the ‘encéphale isolé’ is 
once more falling asleep, the pupils constrict and the cortical response 
reappears. It may be concluded that the striking decrease of cortical responses 
to acoustic and visual stimuli in natural arousal is not determined by attenua- 
tion of the message in subcortical relays, but is due to occlusion at the cortical 
level. | 


Reticular arousal 


OS sec O0Ssec OS sec 


Text-fig. 7. Cat, 3-2 kg, prebulbar section. Effect of olfactory and reticular arousal on spontaneous 
and evoked potentials in the acoustic cortex. Electrical recordings from the primary auditory 
area: A, spontaneous activity; B, eight superimposed responses to an electric shock applied 
to the homolateral medial geniculate nucleus; C, same response on a slower time base, 
showing the slow after-discharge; D, pupil size. The tip of the stimulating electrode placed in 
the midbrain reticular formation had the Horsley-Clarke co-ordinates anterior 3, lateral 2 and 
was 2 mm below the horizontal plane; negativity of the active electrode produces an upward 
deflexion. (For details see text.) 


A similar cortical ‘masking’ may easily be observed for the response 
evoked by direct electrical stimulation of the corresponding specific thalamic 
nucleus, in which case the situation is obviously much simpler since there is no 
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relay interposed between the point stimulated and the cortex. A typical 
experiment is illustrated for a prebulbar preparation in Text-fig. 7. In this 
sleeping preparation, the pupil is maximally constricted. The spontaneous 
electrocorticogram is characterized by slow waves and spindle bursts. The 
responses évoked in the primary auditory area by a shock applied to the 
medial geniculate nucleus have a large amplitude (about 1-5mV). On 
a slower time base, these potentials are found to be followed by a so-called 
slow after-discharge (Adrian, 1941; Chang, 1950; Bremer & Bonnet, 1950). 
The same condition pertains again a few minutes after an olfactory arousal or 
an arousal produced by electrical stimulation of the reticular function has 
been elicited, as shown in the records of the third and fifth rows. The effects of 
a generalized arousal, whether produced by blowing air into the nostrils of the 
cat (Arduini & Moruzzi, 1953) or by electrical stimulation (shocks 0-5 msec, 
3 V, 300 c/s) of the midbrain reticular formation (Moruzzi & Magoun, 1949), 
are illustrated in the records of the second and fourth row. During both arousals 
when the spontaneous record is activated and desynchronized, when the pupils 
are dilated and the eyes move about, the acoustic evoked positive response 
obtained on stimulation of the medial geniculate nucleus is much reduced in 
amplitude and so is the slow after-discharge. In our experience, such a ‘ mask- 
ing’ effect of the response to a thalamic volley is observed when the preparation 
is brought into a state of full arousal; when the arousal reaction is less marked, 
the evoked response is correlatively less reduced in amplitude. 

Effect of the inhibitors on the ‘encéphale isolé’, ‘cerveau isolé’ and prebulbar 
preparations. The four selective inhibitors, when tested by arterial injection on 
these preparations, produced a clear-cut arousal reaction as indicated by the 
criteria described in the preceding section. In each case a definite threshold 
dose could be defined. All results point to a greater efficiency of the pseudo- 
ChE inhibitors. 

A typical experiment with Ro 2-0683 is presented in Text-fig. 8. The cat 
immobilized by a prebulbar transection of the neuraxis presents a stable sleep 
pattern with slow electrocortical activity, large evoked potentials in the 
acoustic cortex and constricted pupils (first row of records). The injection of 
4 wg of Ro 2-0683 produces no change for 10 min (second row of records), but 
within 13 min after the injection a typical arousal pattern develops. At this 
time the spontaneous corticogram is desynchronized in all areas investigated, 
the acoustic response is decreased and the pupils are dilated (third row of 
records). These features persist for about 10 min before the original sleep 
pattern slowly reappears (last row of records). 

As shown in Text-fig. 9, the reduction in the amplitude of the cortical 
evoked response during the pharmacological arousal is produced by occlusion 
at the level of the cerebral cortex (masking effect), as in the case of natural 
arousal, Thus, the sensory message is not attenuated along the acoustic 
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Text-fig. 8. Cat, 3kg, prebulbar preparation. 

ascending pharyngeal artery. A, spontaneous electrical activity of primary acoustic area o 

(upper trace) and of an association area (suprasylvian gyrus) of the cerebral cortex; B, ex 

eight superimposed responses of primary auditory cortical area to an electric shock applied of 

to the homolateral medial geniculate nucleus; C, pupil size. The times at which the records pa 

are taken are indicated on the left; negativity of the active electrode produces an upward | 
deflexion. (For details see text.) : 
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Text-fig. 9. Cat, 2 kg, ‘encéphale isolé’. Occlusion of the cortical response but persistence of — ont 

thalamic response to click in pharmacological arousal produced by injection of 3 ug Ro 2-0683 

via the ascending pharyngeal artery; the animal had previously received 2 mg/kg chlorpro- ps 

mazine 1.v., which does not change the threshold dose of inhibitors of ChE. Three succes- ex 

sive sweeps superimposed; appearance of pupil sketched above records; A, response during do 

spontaneous sleep; B, response during arousal 5 min after injection; C, response 14 min after _ ow 
injection, cat asleep again. Recording deep electrode located in parvocellular division of the _ 

medial geniculate nucleus; negativity of the active electrode produces an upward defléxion. _ TOs 
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pathway up to the medial geniculate nucleus after the injection of 3 pg of 
Ro 2-0683. The behavioural effect after the injection of Ro 2-0683 is illustrated 
by the photographs of Pl. 1. A control injection of 0-5 ml. Ringer’s solution 
does not modify the state of stable sleep of this ‘ encéphale isolé’ cat; the 
pupils remain constricted and the eyes sway down. However, some .4 min 
after the administration of 5 ug Ro 2-0683, the cat’s head wakes up. The pupils 
dilate. The eyes look to the front and exhibit small exploratory movements. 
At the same time, the ears become orientated with the sounds and some 
mastication is going on when the jaws are manipulated. Some 20 min later, 
the cat’s head is again asleep. 

In all the eight experiments performed, small doses of Ro 2-0683 were found 
effective. There were no obvious differences in the results obtained on the 
‘encéphale isolé’ and prebulbar preparations, and whether the anticholin- 
esterase was injected via the ascending pharyngeal or the internal maxillary 
artery. The threshold doses were 3, 4, 4, 5, 5, 5, 5, 12 wg with a mean of 5 yg 
corresponding to 1-3 x 10-* mole. In each case, the arousal effect occurred after 
a latency of varying in different experiments from 2 to 14 min. The effect was 
always reversible, which excludes the possibility of confusion with endogenous 
modifications of the state of the preparation. The arousal effect was not cor- 
related with changes in arterial blood pressure nor could it-be ascribed to an 
action of the anti-ChE on extra-cerebral tissues, viz. on afferent discharges to 
brain (see Brown & Gray, 1948). This is evident from the fact that the thres- 
hold dose was the same when the inhibitor was prevented from reaching the 
extracerebral tissues remaining in neural connexion with the brain in front 
of the transection of the neuraxis, i.e. in the experiments on the prebulbar pre- 
paration in which the injections were made via the ascending pharyngeal artery. 

Similar observations were made with DFP, another selective inhibitor of 
pseudo-ChE. The threshold amounts necessary to produce an arousal of the 
sleeping brain determined in six experiments with either method of arterial 
injection were 10, 10, 10, 12, 15 and 16g, with a mean of 12 ug corresponding to 
6-5 x 10-8 mole. As shown in Table 1, columns 1 and 4, on a molar basis, DFP 
and Ro 2-0683 are nearly equally efficient in spite of the different chemical 
structure of these two anti-ChE. This indicates that the lipid solubility of 
DFP is not a decisive factor for the production of pharmacological arousal, at 
least not under the conditions of the present experiments. 

The results obtained with the two selective inhibitors of true ChE, Ro 2-1250 
and BW 284 051 are the same as those seen with the selective inhibitors of 
pseudo-ChE, except that minimal effective doses were higher. A typical 
experiment with Ro 2-1250 is illustrated in Text-fig. 10. The injection of 50 yg 
does not yet produce any appreciable modification in the spontaneous and 
evoked potentials, although this dose is higher than the minimal effective dose 
required to potentiate the indirect twitch in the experiments on the tibialis 
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muscle. The injection of 80 wg given about 80 min later produces a typical 
arousal pattern in the spontaneous brain rhythms and an occlusion of the 
evoked potentials. The effect is reversible and is obtained after a latency 
varying in different experiments from 2 to 10 min. The threshold doses of 
Ro 2-1250 estimated in five experiments were 50, 50, 70, 80 and 90 ug, with 
a mean of 70 yg {tt to 17-5 x 10-* mole. 


17.47: 50g Ro2 1250 


Text-fig. 10. Cat, 2-5 kg, ‘encéphale isolé’. Effect of 50 and 80 ug of Ro 2-1250, injected via the 
ascending pharyngeal artery. A, spontaneous electrical activity in primary visual (upper 
trace) and acoustic areas of cerebral cortex; B, eight superimposed responses of the visual 
area to an electric shock applied to homolateral optic nerve in the orbit; C, eight superimposed 
responses applied to lateral geniculate nucleus on the same side. The times at which the records 
are taken are indicated at the left; negativity of the active electrode produces an upward 
deflexion. 


The other inhibitor, BW284 C51, behaves somewhat differently. It is 
relatively ineffective in eliciting a pharmacological arousal, and the effect is 
probably not due to its anti-ChE property. In the experiment illustrated in 
Text-fig. 11, the injection of 200 yg is ineffective to arouse the cortex, yet it 
produces systemic effects when the drug reaches the general circulation. The 
- muscles exhibit fascicular twitchings, the salivary and lacrimal glands secrete 
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excessively and the pupils, which initially were not constricted maximally, 
become reduced to a slit. The appearance of these effects suggests that the 
weak atropine-like action described for this drug on the intestine (F. Hob- 
biger, personal communication; Ambache & Lessin, 1955) is not responsible 
for the absence of an effect on the brain when used in this dose. The subsequent 
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Text-fig. 11. Cat, 2-5 kg, prebulbar preparation. Effect of BW 284 C51 injected via the internal 
_ maxillary artery, A, spontaneous electrical activity of the auditory I area (upper trace) and 
of the precruciate sensori-motor cortex (lower trace); B, eight superimposed responses of the 
auditory cortex to an electric shock applied to the homolateral medial geniculate nucleus; 
C, pupil size. The times at which the records were taken are indicated at the left; negativity 

of the active electrode produces an upward deflexion. 


injection of 300 wg BW 284 C51 produces a typical arousal effect after a short 

latency of some 10sec only. The spontaneous electrical activity is desyn- 

chronized, the pupil dilated and there are some movements of the eye. In this 

experiment the acoustic evoked potentials were not occluded, presumably 

because the activation-desynchronization of the cortex is not sufficiently 

intense. In other experiments, however, occlusion was observed. The intense 
3-2 
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salivation and lacrymation as well as the muscular raileidetions are again 
prominent. The blood pressure remains unchanged at 100mm Hg. A few 
minutes later a sleep pattern is again observed. The threshold doses deter- 
_ mined in six experiments were 80, 150, 180, 240, 300 and 300 yg, with a mean 
of 225 wg, corresponding to 40 x 10-* mole. It is difficult to be confident in these 
data as they were obtained whilst the animals were under the influence of 
intense systemic effects. In addition, the cortical arousal was observed, with 
one exception only, after a latency of less than 1 min. One may therefore 
doubt whether the effect depended really on inactivation of brain ChE. Since 
BW 284 C51 possesses quaternary ammonium groups it might well stimulate 
the cortex directly in these high doses, like acetylcholine and other compounds. 
The important point, however, is that whereas a dose of 5 wg potentiated the 
indirect twitch in the tibialis muscle experiments, much larger doses, some- 
times over 200 yg, did not bring about a pharmacological arousal. 


DISCUSSION 

The problem dealt with in this paper was to find out whether the pharmaco- 
logical arousal produced by anti-ChE drugs may be related to the selective 
inhibition of brain true ChE or of brain pseudo-ChE. Consideration of possible 
other effects of these compounds is deliberately left aside. It is obvious that 
caution has to be exercised when using such pharmacological tools, if it is 
intended to make deductions about the physiological significance of the 
corresponding enzyme systems, There is, however, no doubt that the arousal 
effect produced by at least three of the drugs, DFP, Ro 2-0683, and Ro 2-1250, 
on the electrical activity of the cerebral cortex and on the behavioural pattern 
of the isolated cat’s head, can be ascribed to their anti-ChE properties, and for 
the following reasons: 


(1) These inhibitors proved efficient inhibitors of the ChE when tested on cat’s 
brain homogenates in vitro. 

(2) The minimal effective doses required to produce an arousal of the sleeping 
brain are very small. 

(3) The arousal effect is observed after a latency of several minutes which 
suggests an indirect mechanism of action, viz. by allowing endogenously 

_ liberated choline esters to accumulate up to a critical level. 

(4) Finally, the arousal effect cannot be ascribed to an action of the inhibitors 
on extracerebral tissues (see page 15). 


The problem is, however, to distinguish between inhibition of either of the 
two ChE present in the brain (Burgen & Chipman, 1951; Ord & Thompson, 
1952) as the cause of the pharmacological arousal. As is well known, although 
some compounds inactivate one type of ChE with greater efficiency than the 
other, this selectivity is only relative and a sufficient amount of any such drug 
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will inactivate both true and pseudo-ChE. The point is thus to find out at 
which dose level a differential selective inhibition may be expected to occur, 
under the complex experimental conditions prevailing in the living animal. 

The mean threshold doses for eliciting the pharmacological arousal with the 
four different inhibitors of cholinesterase are presented in Table 1, column 5. 
This table also gives, in columns 1 and 2, the concentrations of the same 
compounds which achieve 50% inhibition (J 50) of either true or pseudo-ChE 
in vitro. It is clear from these data that the inhibitors selective for pseudo-ChE, 
i.e. Ro 2-0683 and DFP, are more effective in producing an arousal of the 
sleeping brain than the inhibitors selective for true ChE. In fact there is 
a rough parallel between the J 50 for pseudo-ChE and the threshold for brain 
arousal in the case of Ro 2-0683 and Ro 2-1250, which have related chemical 
structure, but opposite selectivity on the cholinesterases. The results obtained 
with BW 284 C51 are difficult to assess because this drug is a poor inhibitor of 
pseudo-ChE im vitro and because the arousal effect produced occurs with 
a very short latency and might thus be correlated not with inactivation of the 
enzyme but with a direct stimulating effect. The important point, however, is 
that this selective inhibitor for true ChE is relatively ineffective in eliciting the 
arousal reaction. 

An entirely different relationship was obtained when the four compounds 
were tested on the tibialis muscle preparation, as is shown by the results given 
in column 4 of Table 1. The inhibitors selective for pseudo-ChE were much less 
effective in potentiating the twitch tension than the inhibitors selective for 
true ChE. This was in fact to be expected since true ChE is practically the only 
ChE located at the motor end-plate. 

A comparison of columns 4 and 5 of Table 1 shows that the minimal 
effective doses of any selective inhibitor are different on brain and on muscle: 
indeed, that the threshold varies roughly reciprocally on these two tissues, 
according to whether the inhibitor is selective for pseudo- or true ChE. 

These results appear to suggest that the pharmacological arousal produced by 
anti-ChE drugs is related to inactivation of brain pseudo-ChE rather than to 
inactivation of brain true ChE. In this connexion it is interesting to point out 
that brain pseudo-ChE is predominantly located in neuroglial cells. 


SUMMARY 

1. Two methods of arterial injection into the cat’s brain are described and 
discussed. 

2. The potency of two selective inhibitors of the true ChE (Ro 2-1250 and 
BW 284 C51) and two selective inhibitors of the pseudo-ChE (Ro 2-683 and 
DFP) is determined in homogenates of the cat’s brain. 

3. The minimal effective doses of the four selective inhibitors are deter- 
mined which produce in the cat (i) a potentiation of the indirect twitch of the 
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tibialis muscle, a phenomenon which depends on inhibition of true cholin- 
esterase, and (ii) an arousal of the sleeping brain on the ‘encéphale isolé’, on 
the ‘cerveau isolé’ and on a prebulbar preparation. 

4. It is found that the selective inhibitors of true ChE potentiate the twitch 
in smaller doses than the selective inhibitors of pseudo-ChE, whereas the 
reverse is found for the effect on the cat’s brain. 

5. It is concluded that the pharmacological arousal produced in the cat’s 
brain preparation by small doses of selective inhibitors of ChE results from 
inhibition of the pseudo-ChE and not of the true ChE. 

6. In physiological arousal and in the arousal produced by anti-ChE, the 
evoked sensory responses of the acoustic and visual primary areas of the 
cerebral cortex are occluded, there being no appreciable attenuation of the 
afferent message up to the thalamic specific relay nucleus. 


This work was supported by grants from the Rockefeller and the Lekime Foundations. 
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EXPLANATION OF PLATE 


Cat, 2-5 kg, ‘encéphale isolé’. The behavioural arousal effect of Ro 2-0683, a selective inhibitor for 
pseudo-ChE. Photographs taken with an electronic flash in a dark room; a small metal splint 
has been used to retract the nictitating membranes, to show the pupils. Injection of 0-5 ml. 
Ringer’s solution (first arrow) and of 5 wg Ro 2-0683 (second arrow) via the ascending pharyn- 
geal artery. Further explanations in text, page 33. 
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THE STABILITY OF THE POTASSIUM CONCENTRATION IN 
THE ERYTHROCYTES OF INDIVIDUAL SHEEP COMPARED 
WITH THE VARIABILITY BETWEEN DIFFERENT SHEEP 


By JOHN V. EVANS \ 
From the Rowett Research Institute, Bucksburn, Aberdeenshire 


(Received 15 August 1956) 


In 1937 Kerr published data on the concentrations of potassium and sodium in 
the red blood cells of a number of different animal species including sixteen 
Lebanese fat-tailed sheep. When he analysed his data he found three distinct 
groups of sheep according to the red blood cell sodium content. If, however, 
his values are plotted using the concentration of sodium in the erythrocyte as 
the abscissa and the concentration of potassium as the ordinate four distinct 
groups appear. These groups have been termed Kea, f, y, A (Fig. 1). Two of 
the groups are however very variable. 

A determination of the concentration of potassium and sodium in the whole 
blood of a number of Scottish Blackface and North Country Cheviot sheep 
(Evans, 1954) did not suggest the existence of more than two of Kerr’s groups 
in these breeds—Kea and Key. Evans (1954) has termed the two groups 
which can be distinguished in these breeds by a whole blood analysis HK (high 
potassium) and LK (low potassium). Widdas (1954), working with Welsh 
Mountain sheep, had also shown a similar bimodality in this breed but the 
mean concentration of potassium in the higher of his two groups was closer to 
the Ke group than to the Key group. The second group agreed with Kea 
(Table 1). 

Hallman & Karvonen (1949) working with Finnish sheep obtained data 
which suggested that the red blood cells were all of the Key type. They 
remarked upon the fact that the values obtained by them for Finnish sheep 
did not agree with the data for sheep which had been reported by Abderhalden 
in 1898, Abderhalden’s sheep would fall into the Kea group. Karvonen & 
Leppanen (1952), using blood from Finnish and British breeds (the latter 
blood samples were collected in Britain and sent to Finland), again obtained 
a result suggesting Key for the Finnish blood, but the British breeds gave 
values for potassium and sodium which suggested Ke8 and Kea. Bernstein 
(1954) using eighteen South African Merino sheep obtained concentrations of 
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Fig. 1. Concentrations of potassium and sodium in the red blood cells of Lebanese fat-tailed sheep; 
graph constructed from the data of Kerr (1937). 
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TaBLE 1. &.B.C. potassium and sodium concentration values 
obtained by various workers (m-equiv/l.) 


No.of — Mean B8.B.c. concentration 
Kerr’s r 
ex- type K Na 
amined Breed (fig. 1) (m-equiv/l.) (m-equiv/l.) 
* Abderhalden (1895) 2 ? Kea 20-7 106-8 
* Kerr (1937) 4 Lebanese fat-tailed Kea 20-0 90-5 
2 Lebanese fat-tailed Kef 63-2 50-2 
5 Lebanese fat-tailed Key 84:9 21-5 
5 Lebanese fat-tailed KeA 57°5 12-9 
Hallman & Karvonen (1949) 5 Finnish Key 91-0 29-2 
Denton et al. (1951) ? Merino Kea 10-0 112-0 
Harris et al. (1952) 3 Merino Kea 9-3 106-0 
Karvonen & Leppanen (1952) 3 Clun Forest 
Dorset Horn} Kea 19 114 
Cheviot 
1 Scottish Blackface  Kef 70 60 
1 Key 87 34 
* Bernstein (1954) 18 Merino Ke? 33 70 
Widdas (1954) 14 Welsh Mountain Kea 16-8 95 
8 Welsh Mountain - Kef 68 55 


* Converted to m-equiv K or Na/l. 8.8.0. from each author’s original data. 
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potassium and sodium which do not appear to fit into any of Kerr’s four groups 
and Denton, Wynn, McDonald & Simon (1951) found that the Australian 
Merino gave a mean red blood cell potassium concentration of 10 m-equiv/I. 
Bernstein (personal communication) found that there was considerably more 
variation in the concentration of potassium and sodium in the red blood cells 
of sheep than in those of other animals which he examined. 

Significant differences in the potassium concentration of the whole blood of 
British breeds of sheep allow two types of sheep to be recognized and marked 
differences in the proportions of the two types within different breeds have 
been demonstrated by Evans & Mounib (1956). 

It is well established that the method of collection, handling and storage of 
whole blood has a critical effect on the potassium and sodium content of the 
contained erythrocytes (Ponder, 1948) and that the shift of potassium and 
sodium into or out of the red blood cells depends on cell glycolysis (Maizels, 
1951; Bernstein, 1953). Red blood cells suspended in heparinized plasma are 
almost perfect osmometers (Ponder, 1948) and free exchange of “K_ occurs 
(Sheppard & Martin, 1950; Solomon, 1952). For these reasons it is conceivable 
that the variations found in the concentrations of sodium and potassium in the 
erythrocytes of the sheep are not true physiological differences. Ponder (1948) 
considers that this could explain Kerr’s results. 

Reports of marked differences in the concentration of potassium in the red 
blood cells of normal well-fed animals of species other than the sheep are, 
however, not common. Schwartz, Cohen & Wallace (1953) have been able to 
cause a significant fall in the concentration of potassium in the red blood cells 
of rats after feeding them on an almost potassium-free diet. The fall in red 


blood cell potassium was however slight when compared with the fall in the 


concentration of this ion in the muscle tissue. An increase in the concentration 
of potassium in the erythrocyte of the dog has been reported by Kerr (1926) to 
occur after repeated large haemorrhages but not after a single large loss of 
blood. These findings could be the result of an influx of immature cells into the 
general circulation, for it has since been shown that the concentration of 
potassium in the circulating red blood cells of the foetus is higher than that of 
the new-born animal, which in turn is higher than that of the adult. 

A reciprocal rise of sodium in the red blood cell is noted at the same time. 
Widdas (1954) has shown that a loss of potassium and a gain of sodium 
occurs in the red blood cells of foetal Welsh Mountain lambs as gestation 
proceeds, and that the loss of potassium is at a constant rate, the concentration 
at any time during gestation being represented by the equation 


[K+] =115—0-196d, 


where d =foetal age in days. The considerable variation in the concentration 
of potassium in the red blood cells of our own sheep and the markedly 
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different concentrations found in the data of different workers (whose values 
for the concentration of potassium in the human erythrocyte, however, agree) 
suggested that the variability could not be explained by simply assuming 
variations in technique or environment. This argument was strengthened by 
Evans & King (1955), who showed that the two types of sheep which they had 
distinguished by an examination of the potassium and sodium concentrations 
of the whole blood were determined by a single gene substitution. 

Data are presented in this paper which suggest that the concentration of 
potassium in the red blood cell of the sheep is a specific function of the indi- 
vidual and also that there is a marked tendency for individuals to be associated 


into groups which have similar, but not identical, concentrations of potassium — 


and sodium in their red blood cells. 


MATERIAL AND METHODS 


Sheep 

Scottish Blackface. All the Scottish Blackface sheep (S.B.F.) used in the experiments reported 
in this paper were ewes over 2 years of age. The stock animals, the slaughtered animals and those 
used in the adrenaline, exercise and anaesthesia experiments all received a standard daily ration 
of 800 g hay, together with a standard concentrate ration which consisted of 150 g linseed meal and 
75 g crushed oats, with 1% NaCi added. The diet designed to test the effect of sodium intake was 
400 g hay plus the standard concentrate ration. 3 g NaCl was added daily until the end of the 
seventh week, the NaCl was then omitted for the next 4 weeks, and finally the standard hay ration 
along with 250 g of a concentrate mixture (consisting of 90 parts flaked maize, 10 parts maize 
gluten feed, 1 part steamed bone flour and 0-75 part NaCl) was given for a subsequent 4-week 
period. Control animals were fed on 400 g hay, together with the standard concentrate ration 
plus 3 g NaCl throughout the whole 15-week period. The stock animals and those used in the 
adrenaline, exercise and diet experiments were from the same farm and were selected for evenness 
of type at the time of buying. The slaughtered animals and those used in the anaesthesia experi- 
ments were from various sources but had all been fed on the standard hay and concentrate 
rations for at least three weeks before sampling. 

Romney Marsh. Twelve of these animals were 2-year-old wethers fed on a diet of 700 g hay and 
350 g concentrate mixture, consisting of maize 8 parts, oats 2, bran 2, linseed cake meal | and 
white fish meal 1. They had access to salt licks. All the remaining animals were at pasture and of 
mixed ages and sexes. 

Cheviot. All animals were 7-year-old ewes at pasture with lambs at foot. They were receiving 
1 lb. crushed oats per animal per day as a lambing supplement. 

Merino. Blood samples were withdrawn from these animals at the Animal Breeding Research 
Organisation in Edinburgh. The sheep were housed indoors and fed on a diet of hay and concen- 
trates at the time of sampling. They were Tasmanian type Australian Merino and were of mixed 
ages and sexes. 


Cross-bred lambs. These were either half-bred (Border Leicester x Cheviot) or greyface (Border 


Leicester x Blackface) wether lambs or cross-lambs (Suffolk or Oxford Down xhalf-bred or 
greyface), and all animals had been transported from the north or north-east of Scotland to 


Aberdeen and kept at the abattoir for a number of hours before slaughter. They had been on © 


pasture before transport to the abattoir. 
Border Leicester sheep. Blood samples from sheep of this breed were obtained at the abattoir and 
the animals had been previously at pasture. 
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Blood 

Blood samples from the Scottish Blackface, Romney Marsh and Cheviot sheep were obtained by 
jugular venepuncture at our own Institute and collected directly into 20 ml. heparinized syringes or 
20 ml. heparinized. Pyrex glass-stoppered test tubes. Each sample was immediately divided into 
two 10 ml. portions, One portion was centrifuged for 30 min at 3000 r.p.m. (18 cm head) and the 
plasma so obtained was immediately separated from the red blood cells. This plasma was diluted 
to 1:50 and 1:1000 with distilled water for the determination of potassium and sodium respec- 
tively. The other portion was diluted to 1: 100 and 1:500 with distilled water for potassium and 
sodium determinations on the whole blood. Packed cell volume (P.C.V.) determinations were also 
made on this portion using 4-6 Wintrobe tubes. They were spun for 1 hr at 3000 r.p.m. (15 cm 
head) using an M.S.E. haematocrit centrifuge. 

Blood samples from the Merino sheep were obtained by venepuncture in Edinburgh and the 
whole blood was sent by rail to the Rowett Institute. This involved a time lag of approximately 
18 hr before the plasma was separated. The procedure after the whole blood arrived at the labora- 
tory was the same as that for samples collected at the Institute. 

Blood from the animals killed at the abattoir was collected from the jugular and carotid after 
these vessels had been cut by the slaughterman. All animals had been previously shot with 
a humane killer. 20-25 ml. of blood was collected into wide-mouthed heparinized screw-cap soda- 
glass jars. On the average there was a time lag of approximately 2 hr between the collection of the 
blood and its centrifugation for the separation of plasma. The procedure after the blood arrived at 
the laboratory was the same as that for sheep sampled at the Institute. 

Red blood cell potassium or sodium concentrations were calculated by difference, using whole 

readings. 


trobe tube 
Kee Kp(100 P.C.V.%) 
P.C.V.% 
The potassium and sodium present in leucocytes is included in the red blood cell data by this 
method. Results obtained by direct and indirect methods for the concentration of potassium and 
sodium in the erythrocytes offman are however in good agreement. When the indirect method is 
used it is possible that large differences in the concentration of potassium and sodium in leucocytes 
from different sheep could result in small but significant differences being recorded for the red 
blood cells. 

Packed cell volumes were not corrected for trapped plasma. Preliminary experiments in this 
laboratory using the T1824 dye,technique (Chaplin & Mollison, 1952) are in agreement with the 
findings of Jennings, Lauder & Mulligan (1955) who found that high percentages of plasma 
(approximately 12-5) were trapped in the packed cell column of ox and sheep blood. 

Flame photometry. The techniques, previously described, using city gas (Evans & Mounib, 1956) 
were used in the experiments dealing with diet and anaesthetization. Because of the difficulty 
experienced in obtaining a steady gas pressure with city gas, butane under pressure is now used as 
the gas supply and all the other results in this paper were obtained using this gas. Recoveries of 
potassium and sodium added to plasma were found to be within 1% of the true value and the 
concentration of sodium in plasma when estimated by flame photometry was found to be within 
1:5% of the value obtained by the chemical method of Kolthoff & Sandell (1943). 


RESULTS 
Scottish Blackface ewes 
Stock sheep experiments. Blood was withdrawn from these animals on 


numerous occasions over a period of approximately 12 months and analysed 
for both the potassium and sodium concentration of their red blood cells. The 
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concentrations of potassium in the red blood cells of representative animals 
are shown in Table 2. Data from all animals have been plotted in Fig. 2. 
Repeated observations on the Kea sheep showed that the differences in the 
potassium concentration of the red blood cells from sheep to sheep were 
significantly greater than the differences between repeated analyses on the 
same sheep (P <0-001),. 


Tasiz 2. The variation between sheep and the repeatability within sheep 
of the concentration of potassium in B.B.0. 


Time between 
first and last 
The concentration of potassium analysis 
Animal no. in B.B.0. (m-equiv/l.) (months) 
130 * 1-5, 7-6, 7:3, 7-6, 7-0, 7:1, 6-0 6 
PLH 13-7, 15-3, 15-0 5 
151 18-9, 18-2, 18-5 8 
153 23-5, 23-0, 21-7 4 
152* 29-3, 28-3, 27-6, 35-2, 27-2 7 
63 41-9, 41-2, 46-3, 44-6 7 


* This animal is included as it shows the greatest variation in k.B.c. potassium we have noted 
in any Kea animal on repeated examination. 

There may be a similar persistent difference among the Key sheep but the 
evidence is not conclusive. In a short period of 6 weeks, when ten of the Key 
animals were bled on two or more occasions specifically to establish this point, 
it was found that the difference between sheep was greater than the difference 
between repeated analyses on the same animal (P < 0-05). There was, however, 
no significant difference when the previous results from the same animals were 
included in the statistical analysis. 

All animals fall roughly into Kea or Key. There was no tendency for any 
animal to shift from one group to another. 

Adrenaline experiments. 0-5 or 1-0 ml. of 1:1000 adrenaline was injected 
intravenously into nine quiet Scottish Blackface animals. Blood samples were 
taken immediately before and approximately 1, 2, or 6 min after the adrenaline 
injection. The results are shown in Table 3. Although both the concentration 
of potassium in the plasma and the packed cell volume percentage were 
significantly elevated within 60 sec, no significant alteration was found in the 
potassium concentration of the red blood cells. 

Exercise experiments. Two Kea and two Key sheep were bled on 5 con- 
secutive days and were kept as quiet as possible at all times during this period 
except on the 4th day when they were driven round the sheep yards by barking 
dogs for 20 min immediately before sampling. The potassium concentrations of 
the red blood cells on these 5 days are shown in Table 4. There are no pecu- 
liarities about the fourth day observations to suggest that the treatment had 
any effect on the concentration of potassium in the red blood cells. The difference 
between animals in the concentration of potassium in the red blood cells was 
however maintained throughout the period. 
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Is 
: and erythrocytes of the Scottish Blackface sheep 
Time Potassium concentration 
interval (m-equiv/1.) 
1e between Change in 
Adren- injection Plasma B.B.C. Change in Changein haemato- 
aline ———, - ———. conen.of conon. of crit 
Animal injected sampling Pre-in- Post-in- Pre-in- plasma K P.C.Y. 
no. (mg) (sec) jection jection jection jection (%) (%) (%) 
139 0-5 60 4-95 6-69 870 8684-6 + 35-2 —2-7 + 22-6 
360 4-95 4-45 87-0 87-6 -10-1 +0-7 + 33 
A 1-0 60 4-59 7-49 17-6 18-0 + 63-2 +2-4 + 20-3 
130 10 58 4-74 6-88 7-4 75 +45-2 + 19-5 
129 1-0 73 4-61 6-14 83-8 83-1 +31-9 -0-9 +107 
144 1-0 60 4-59 6-77 ~959 91-6 +128 
138 1-0 69 4-66 6-14 16-4 15-9 +318 — 2-8 +142 
147 10 121 4-51 5-76 16-5 16-7 +27-7 +10 +13-9 
149 10 61 4-91 6-35 82-3 80-3 + 29-9 —2-4 +179 
179 10 119 499 6-27 77-2 ©6783 + 25-7 +14 + 69 
ed Tase 4. Effect of exhaustive exercise on 8.8.0. potassium concentration 
R.B.C. potassium (m-equiv/l1.) 
he no. Day 1 Day 2 Day 3 Day 4 Day 5 Average 
By 123 17-6 17-7. 17-0 18-1 16-5 17:3 
136 21-2 21:3 20-2 19-3 20-6 20-5 
it, 117 79-2 82-2 79-5 83-6 77-8 80-5 
ce 140 84-3 89-0 87-8 90-1 90-5 88-3 
re Anaesthetization experiments. The animals were anaesthetized by the intra- 
venous injection of pentobarbital (30 mg/kg body weight). No significant 
ny variation was found between samples taken before and after anaesthetization 
in any animal. The differences between animals persisted and are shown in 
ed Table 5. 
re Diet experiment. Twenty-four sheep were separated into twelve HK and 
ne twelve LK sheep by means of a whole-blood analysis. They were then bled four 
on times over 15 weeks and the concentrations of potassium and sodium in the 
ore red blood cells of all animals were determined. They were fed on the rations 
he described previously. Sampling was carried out during, and at the end of, the 
first feeding period and at the end of the second and third feeding periods. 
yn- When the red blood cell determinations were made during the experiment it 
od became obvious that two of the HK animals belonged to the KeA and not to 
ing the Key group. ; 
: of The concentration of potassium in the red blood cells of the Key animals 
ou- was lower after the low-NaCl diet had been fed for 4 weeks than during the 
ad other weeks of measurement. This change need not necessarily have been the 
nce result of the lower sodium intake as it coincided with exceptionally cold 


vas weather during which all drinking water froze, the city gas supply was erratic 
and flame photometry therefore very difficult. 
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TaBie 5. Immediate effect of barbiturate anaesthesia on B.B.C. potassium concentration 
Red blood cell potassium (m-equiv/l.) 


“Thr Immediately Immediately 
before after 


thetization thetization anaesthesia* recovery, Average 
BM 779 79-4 173 74:8 717-4 
458 22-1 22-0 22:2 22-9 22:3 
444 26-4 26-3 26-4 
453 185° ° ~ 193 78-9 
456 — 14-5 14-7 ~~ 14-6 
1086 74-0 74-6 743 
441 — 25-4 25-4 — 25-4 
445 22-3 22-5 22-4 
446 27-1 27-0 27-1 
448 74-6 75:3 75-0 
450 75-8 74-9 75-3 
455 74-2 76-0 75-1 
* Third stage anaesthesia was considered to have been obtained when there was complete 
muscular relaxation. 


Potassium m-equiv/!. red blood cells 


at 


Sodium red blood cells 


Fig. 2. Concentrations of potassium and sodium in the red blood cells of Scottish Blackface sheep. — 


O, diet; +, slaughtered; @, stock. 
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Despite the difference in the concentration of potassium in the Key type 
of red blood cells, which was recorded after the NaCl-low diet had been fed, 
there were significantly greater differences in the potassium concentration in 
the red blood cells between sheep in the Kea group than between repeated 
values on the same sheep (P<0-001), indicating that there are persistent 
differences between sheep within the Kea group. The mean value for each sheep 
of the four potassium analyses is plotted in Fig. 2 against the corresponding 
mean value for sodium. This shows that two animals appear to be of the same 
general type as KeA, while the remaining animals are Kea and Key. There 
was no tendency for animals to shift from one group to another. The change in 
the Key animals after the lower NaCl diet had been fed was of the order of 
6 m-equiv/l. red blood cells and made no difference to the classification of the 
animals. 

Other Scottish Blackface sheep. Pre-slaughter samples were obtained from 
29 8.B.F. adult animals. All animals appeared to be either Kea or Key 


(Fig. 2). 
Other breeds 

Romney Marsh sheep. Thirty animals were examined and found to have 
potassium concentrations in the red blood cells typical of either Kea or Key. 
Within the Kea group, however, there was a distinct bimodality for potassium 
with two separate concentration means, but there was no evidence of bi- 
modality within the Key group as shown in Figs. 3 and 5. 

Cheviot sheep. Twenty-one animals of this breed were examined and all were 
typical of either Kea or Key. The results are plotted in Figs. 3 and 5. 

Merino sheep. Twenty-five animals of this breed were examined on two 
occasions and the concentrations of potassium and sodium in the red blood 
cells determined. The results are plotted in Figs. 3 and 5. One animal appears 
to belong to KeA, another possibly to Kef and the remainder to Kea. The 
Kea group, however, gives a much lower mean potassium concentration and 
a higher mean sodium concentration than the mean values for Kea in any of 
the other breeds studied. Definite subgroups may exist in this breed also 
(Fig. 5). Repeated observation on the Kea animals showed that the difference 
between animals in the concentration of potassium in the red blood cells was 
significant. 

Cross-bred lambs from commercial abattoir. Mixed jugular and carotid blood 
samples were obtained from eighty-six 11-month-old cross-bred lambs after 
their throats had been cut. All animals were either of the Kea or Key type 
(Fig. 4). 

Border Leicester sheep from abattoir. Mixed jugular and carotid blood sam- 
ples were obtained from six animals of this breed. All animals were of the Kea 


type (Fig. 5). 
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Potassium m-equiv/!. red blood cells 


+ 
So 


Sodium m-equiv/!. red blood cells 
Fig. 3. Concentrations of potassium and sodium in the red blood cells 
of Romney Marsh, ©; Cheviot, +; and Merino, @ sheep. 


DISCUSSION 


Our previous work (Evans, 1954; Evans & Mounib, 1956) had shown that by 
means of whole-blood analysis of a sheep population two distinct types of 
sheep can be separated, the separation being based on a bimodal distribution 
of potassium and sodium within the red blood cells of this species. Our 
inability to distinguish other types such as Kerr (1937) had found in the 
Lebanese fat-tailed sheep might have been due either to our method, which 
may be incapable of distinguishing the other types, or to the fact that these 
other types do not occur in the British breeds of sheep. To date we have not 
been able to demonstrate more than two groups in any of our whole-blood (as 
distinct from red blood cell) data from British breeds.’ On several occasions 
HK sheep have been recorded in which the whole-blood potassium concentra- 
tions were much lower than the mean concentration of the HK group, but when 
these same animals were re-examined at a later date for red blood cell analysis, 
they were found to belong to group Key and not to KeA or Kef. The low 


value for whole blood was due to a low packed cell volume in every instance. — 
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The variation in the mén value obtained by various workers for the potas- 
sium concentration of the'red blood cells of what appeared, from our data, to 
be a broad but nevertheless homogeneous group by whole-blood analysis 
(type HK) suggested that an extensive investigation of red blood cell, as 
opposed to whole-blood, concentrations of potassium should be undertaken. 
This conclusion was strengthened by the results of our survey in which signifi-_ 
cant differences were demonstrated in the mean concentration of potassium in 
the whole blood between breeds for both the HK and LK type of animal. 


11¢ 


Potassium m-equiv/I. red blood cells 


Sodium m-equiv/!. red blood cells 
Fig. 4. Concentrations of potassium and sodium in the red blood cells of cross-bred lambs. 


These considerations, together with the fact that the mean red blood cell 
concentration of potassium recorded by Widdas (1954) for the higher of histwo 
groups in the Welsh mountain breed of sheep was very close to that of Kerr’s 
group Kef (Fig. 6), made it possible that this group could be found in other 
British breeds. As Widdas recorded a much lower mean value for his lower 
group than had been shown for the Scottish Blackface it was felt that the Kea 
group, which again appeared to be a homogeneous one by whole-blood 
analysis, might also be variable. 


It was possible that subgroups existed within Kea and that the relative 
4-2 
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preponderance of any one of the subgroups resulted in a raising or lowering of 
the mean. With this idea in mind, it was not difficult to suppose that Kerr 
(1937) had three of his four Kea animals in one subgroup with a mean potas- 
sium concentration of approximately 22 m-equiv/l., while the fourth was in 
a separate and much lower subgroup with a concentration of approximately 
10 m-equiv/l. (Fig. 1). The remarkable uniformity of the potassium concentra- 
tions given by Kerr for the sheep in the KeA group further strengthened this 
argument (Fig. 1). 

The general impression at the outset was therefore that Ke8 and KeA 
sheep were very rare or non-existent in the Scottish Blackface breed and that 
subgrouping within the major groups must be considered as a possibility. 
Before this subgrouping could be investigated it was necessary to ascertain 
whether the short-term stresses which may precede venepuncture could cause 
large fluctuations in the concentration of potassium in the red blood cells of 
the sheep. The intravenous injection of adrenaline (1 ml. of 1: 1000 adrenaline) 
was shown to cause a considerable elevation of the concentration of potassium 
in the plasma within 60 sec but no significant alteration in the concentration 
of this ion in the red blood cells (Table 3). In other experiments (Evans, 
unpublished) a threefold increase in the plasma potassium concentration over 


Tas_z 6, Examples of the three types of sheep in the diet experiment 


B.B.0. potassium (m-equiv/1.) B.B.0.K Na 

r A mean mean 
no. 3rd week 7th week Ilth week 15th week (m-equiv/l.) (m-equiv/l.) Type 
175 18-6 18-4 17-9 17-5 18-1 
176 20-3 20-2 21-6 20-9 20-8 91-4 
121 85-4 86-3 80-4 83-2 83-8 36-0 
165 84-5 85-9 79-9 86-2 84-1 31-5 Y 
160 60-7 60-3 57-0 60-7 59-7 17-4 
173 62-7 61-7 59-1 61-7 61-3 17-9 


a period of 2 min has been observed but no significant alteration in the red 
blood cells occurred over the same period. The effects of exercise and anaes- 
thetization also produced no alteration in the potassium concentration of the 
red blood cell. Changes in the potassium concentration of the red blood cells 
of the sheep due to short-term stresses were therefore considered to be rela- 
tively unimportant in a study of the very large differences which had been 
shown to exist between sheep. 

The data on the effect of diet on the concentration of potassium in the red 
blood cells were inconclusive but this experiment was nevertheless of con- 
siderable interest in that two of the animals examined proved to be of the 
KeA type (Table 6). As the blood from these two animals was analysed four 
times over a period of 15 weeks with practically identical potassium results 
there would appear to be no doubt about the authenticity of their classifica- 
tion. Additional evidence for the existence of KeA was obtained from the 
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Merino flock. One animal gave repeatable concentrations of potassium and 
sodium in its red blood cells which characterized it as a KeA animal. The fact 
that there is no definite evidence of sheep belonging to Kef in any of the data, 
beyond one Merino which is difficult to classify, is also interesting, but as this 
group is 8o placed that its K+Na concentration is equivalent to that 
of both the Kea and Key groups there would seem to be no reason why it 
should not exist in other breeds—or for that matter in the Scottish Blackface 
breed. 

Now that differences in the concentration of potassium in the red blood cells 
of British breeds of sheep enable at least three distinct groups to be recognized, 
and as it has been shown that animals do not change from one group to another, 
it seems reasonable to suggest that although the potassium concentrations 
within the red blood cells vary widely from sheep to sheep, they are stable for 
any specific animal—in other words, the mean of any of Kerr’s groups is a func- 
tion of the aggregation of a number of different values specific to each animal 
within the group and it is not a result of fluctuations of a single standard 
value for a given group caused by outside influences. 

It was necessary to establish this stability as a fact before any concept of 
subgroups could be verified or rejected. The experiments reported in this 
paper demonstrate that in Kea the differences between sheep within this 
group are very much greater than the differences between repeated examina- 
tions on the same sheep even when more than 8 months separate the first and 
the last of a series of observations. We are therefore justified in recognizing an 
almost infinite number of possible red blood cell potassium concentrations 
within the arbitrary upper and lower limits of the group. Subgroups within 
Kea now become possible and if present should be demonstrable, provided 
that their mean values for potassium are not too close together. 

Histograms constructed from the potassium values of all the Scottish Black- 
face and cross-bred animals whose red blood cell concentrations fell between 
5 and 35 m-equiv/l. of &.B.0. are given in Fig. 5. Although there is some 
evidence to suggest that the distribution is not that of a normal curve and 
that two or more peaks may occur, it is very far from being convincing 
and it was for this reason that the Merino and Romney Marsh breeds were 
examined, 

The Merino was chosen because of its different ancestry and the possibility— 
subsequently confirmed—that a large proportion of the animals would be in 
Kea. Also the mean red blood cell potassium value recorded by Denton et al. 
(1951) for this breed was unusually low (10 m-equiv/lI.) and quite different 
from the unusually high value (33 m-equiv/l.) recorded by Bernstein (1954). 
As neither of these values agreed with that of the Scottish Blackface, or with 
each other, it seemed that the Merino might give evidence of subgrouping more 
readily than other breeds. The Romney Marsh was chosen because it represents 
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a typical lowland long-wool breed. Apart from the two very interesting animals 
with red blood cell potassium concentrations between 60 and 68 m-equiv/l., 
the remainder of the Merinos could be classified as belonging to Kea (Fig. 3). 
There is reason to believe that two subgroups are present in this group, 
although one of the subgroups is unfortunately only represented by a single 


Numbers of animals 


Potassium m-equiv/l. red blood cells 


Fig. 5. The distribution of animals in the Kea group. 


animal (Fig. 5). The subdivision of the Kea group is, however, best illustrated 
by the results from the Romney Marsh breed where a subdivision of Kea into 
two distinct subgroups with R.B.c. potassium means at approximately 14 and 
22 m-equiv/l. is evident (Figs. 3, 5). 

When the results from these two breeds are considered along with those 
from the six Border Leicester sheep obtained at the slaughter-house, and from 
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the Cheviots, there is reasonable evidence to suggest that Kea is not homo- 
geneous and that in certain breeds two subgroups exist within it. This having 
been established with some certainty, the different results obtained by various 
workers for the mean red blood cell potassium concentration of animals in 
group Kea become understandable and the contention by Evans & Mounib 
(1956) that the difference between breeds could be due to two or more con- 
centration means within a group is justified. If the mean values for the 
concentration of potassium and sodium in the Kea and Key groups in the 
Scottish Blackface are plotted with the potassium concentration as the 
ordinate and the sodium concentration as the abscissa, a line joining Kea and 
Key when extended will cut the ordinate at approximately 116 and the 
abscissa at approximately 110: i.e. the concentration of potassium plus 
sodium is approximately the same for both groups. It is interesting to recall in 
this connexion the equation [K+]=115-0-196d given by Widdas (1954) to 
represent the fall of potassium in the foetal red blood cell of the Welsh 
Mountain lamb which occurs with advancing foetal age. 

Two KeA Scottish Blackface animals do not fall along the 116 to 110 line 
and their mean value is shown in Fig. 6. 

Fig. 6 represents the average values for all the animals reported in this paper 
by ourselves and other workers. All except three of our animals fall fairly 
closely along the 116-110 line, but the Merinos appear to have a very low 
mean R.B.C. potassium value. Fig. 3 suggests that the values for individual 
animals may fall along a line which crosses the 116-110 line but which is 
distinct from it. A line joining the mean value of the two Scottish Blackface 
sheep in the KeA group with the mean of those in the Kea group cuts the 
ordinate at approximately 70 and the abscissa at approximately 127 when 
extended, and the line is parallel to the general line of distribution of individual 
Merino animals. 

When the mean values which have been obtained by other workers for the 
concentration of potassium in the red blood cells of sheep are superimposed 
upon our own data (Fig. 6), most values fall roughly along the 116-110 line. 
However, our data for KeA Merino sheep and those of Bernstein (1954), 
Denton et al. (1951) and Harris, McDonald & Williams (1951), who were all 
working with Merino sheep, are best represented by the 70-127 line which was 
constructed from ourown Scottish Blackface results. It seems possible, therefore, 
that the 70-127 line, rather than the 116-110 line, may be characteristic of the 
Merino breed, and that the higher mean potassium concentration of the red 
blood cell found by Bernstein (1954) may be the result of the inclusion of a few 
KeA type animals in his mean value. The fact that Bernstein (personal 
communication) found the concentration of potassium and sodium in the 
erthrocytes of sheep to be more variable than in other animals supports this 
possibility. The low potassium concentrations reported by Denton et al. (1951), 
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on the other hand, could be due to a preponderance of animals with a very 
low concentration of potassium in the red blood cells. This type of animal is 
present in our own Merino data (Fig. 5). The possibility of three means in the 
Kea Merino group should not be overlooked (Fig. 5). 

Ewart (1913, 1914) has suggested that the Merino is descended pre- 
dominantly from the wild Argali (Ovis ammon), while the British breeds have 
descended mainly from Urial (Ovis vignet) and Mouflon (Ovis musimon) stock. 
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Potassium m-equiv/I. red blood cells 


Sodium m-equiv/I. red blood cells 
Fig. 6. Mean concentrations of potassium and sodium in the red blood cells of the breeds of sheep 
reported in this paper compared with the concentrations reported by other workers. 


The possibility of a different mode of distribution of red blood cell potassium 
and sodium concentrations in the Merino is therefore of interest and as these 
three breeds still exist in the wild state to-day it would be most interesting to 
examine their blood in the light of our present findings. The many differences 
between the Merino and the British breeds of sheep—for example, fecundity, 
wool follicle configuration, the ability to withstand drought, etc.—suggest that 
the line which best relates the different values for the Merino may be a reflexion 
of a real physiological difference between the Merino and the British breeds 
which conform to the 116-110 line. 
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It is also tempting to compare the prolificacy of the English Leicester with 
that of the Merino. Youatt (1837) stated: ‘The New Leicesters, however, are 
not without their faults. They are not, even at the present day, so prolific as 
most other breeds.’ In their survey Evans & Mounib (1956) recorded the 
lowest mean LK whole-blood potassium concentration in the English 
Leicester breed. The whole-blood potassium concentration recorded by them 
probably reflects a red blood cell concentration close to that shown for the 
Merino if all other factors are equal. The low lambing percentages given by the 
Merino breed are well known. 

The inverse relationship between the sodium and potassium concentrations 
in bull seminal plasma recently demonstrated by Rothschild & Barnes (1954) 
and the tendency for their results to be grouped around three different means 
is also of interest in this connexion. 

The relatively large number of KeA (5 out of 16) and Ke (2 out of 16) 
animals in Kerr’s data, and the suggestion that subgroups may possibly be 
present in Kerr’s Kea group, indicate that. the Lebanese fat-tailed sheep is 
a heterogeneous breed from the point of view of the concentration of potassium 
and sodium in the red blood cell, and therefore of considerable value for the 
purpose of mapping the possible loci at which one could expect to find groups 
in any breed of sheep. Data for the concentration of potassium in the red 
blood cells of a number of tropical and subarctic breeds (Evans, unpublished) 
show that Kerr’s groups are likely to be present in sheep from all parts of the 
world but that the proportion of the different groups will vary from region to 
region. If this prediction is true then the various proportions of the known 
types of red blood cell potassium and sodium concentrations within a breed 
may be of considerable help in tracing the migrations of sheep. The apparent 
heterogeneity of the Lebanese type fat-tailed sheep, together with their 
geographic distribution, makes them very interesting breeds to study from this 
point of view alone. 

SUMMARY 

1. The concentrations of potassium and sodium in the red blood cells of five 
pure breeds of sheep (Scottish Blackface, Romney Marsh, Cheviot, Merino and 
Border Leicester) and of cross-bred sheep have been determined. This has 
enabled three distinct types of sheep to be recognized. 

2. Neither the intravenous injection of adrenaline, severe exercise and 
excitement, nor anaesthetization had any significant effect on the concentra- 
tions of potassium in the red blood cells. Repeated measurements on the 
same animal showed that it did not change from one type to another and that 
the difference between the concentrations of potassium in the red blood cells 
among individual sheep in one of the three types (Kea) is much greater than 
the difference between repeated measurements on the same sheep (P < 0-001). 
Subgroups within this type have been demonstrated. 
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3. The percentages of Kea, y and A types of red blood cells in sheep have 
been shown to differ from breed to breed and differences have been shown 
to exist between breeds in the mean concentrations of potassium and sodium 
in the red blood cells within a type. 

4. The possible significance of these findings has been discussed. 
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sodium was kindly done by Mr A. Dobson. 


REFERENCES 


ABDERHALDEN, E. (1898), Zur quantitativen Hoppe-Seyl. Z. 
25, 65-115. 

Bernstet, R. E. (1953). Rates of glycolysis in human red cells in relation to energy requirements 
for cation transport. Nature, , 172, 911. 

Brewster, R. E. (1954). Potassium and sodium balance in mammalian red cells. Science, 120, 
459-460 


Cuarpiin, H. & Motxison, P. L. (1952). Correction for plasma trapped in the red cell column of the 
haematocrit. Blood, 7, 1227-1238. 


cellular fiuid. ‘II. Renal physiology in electrolyte subtraction. Acta med. scand. 140, 
uppl. 261 

Ewart, J.C. (1913). Domestic sheep and their wild ancestors. I. Sheep of the Moufion and Urial 
types. Trans. Highl. agric. Soc. Scot. 25, 160-189. 

Ewart, J. C. (1914). Domestic sheep and their wild ancestors. Il. Wild sheep of the Argali type. 
Trans. Highl. agric. Soc. Scot. 26, 74-101. 

Evans, J. V. (1954). Electrolyte concentrations in red blood cells of British breeds of sheep. 
Nature, Lond., 174, 931. 

Evans, J. V. ete ee Neg W. B. (1955). Genetic control of sodium and potassium concentrations in 
the red blood cells of sheep. Nature, Lond., 176, 171. 

Evans, J. V. & Mounts, M. 8. (1956). J. agric. Sci. (in the Press). 

Hatiman, N. & Karvowss, M. J. (1949). Sodium and potassium in adult and foetal sheep 
erythrocytes. Ann. Med. exp. Fenn. 27, 221-226. 

Hazazis, H., McDonatp, I. R. & Witi1ams, W. (1952). The electrolyte pattern in experimental 
anuria. Aust. J. exp. Biol. med. Sci. 30, 33-51. 

M. & W. (1955). Species differences in the intracellular 
plasma of the packed cell column. Biochem. J. 59, iii. 

Karvonen, M. J. & Lurranen, V. rg * The solubility of haemoglobin and the intracellular 

electrolytes of the erythrocytes of different sheep. Ann. Med. exp. Fenn. 30, 14-25. 

Kerg, 8. E. (1926). Il. Changes in the potassium 
content of erythrocytes under certain experimental conditions. J. biol. Chem. 67, 721-735. 

Kerr, 8. E. (1937). Studies on the inorganic sommetin of blood, IV. The relationship of 
potassium to the acid-soluble phosphorus fractions. J. biol. Chem. 117, 227-235. 


Kovtuorr, I. M. & Sanpztn, E. B. (1943). Textbook of Quantitative Inorganic Anal 3rd ed., 
p- 416. New York: The MacMillan Co et 


Marzzts, M. (1951). Fasten ths of cotions. J. Physiol, 112, 59-83. 
Ponpsr, E, (1948). Haemolysis and Related Phenomena, p. 121. New York: Grune and Stratton. 


ee Lorp & Barnes, H. (1954). Constituents of bull seminal plasma. J. exp. Biol. 31, 


Scuwakrtz, R., Conzn, J. & Wattace, W. M. (1953). the whole body, 
mer. J. Physiol, 172, 


50 
y 
| 
4 


ERYTHROCYTE POTASSIUM CONCENTRATIONS IN SHEEP 59 
C. W. & Marti, W. R. (1950). Cation 
SHEPPARD oy Agee ory exchange between cells and plasma of mam- 


SoLtomon, A. K, (1952). Permeability of the human erythrocyte to sodium and potassium. J. 
Physiol. 36, 67-108. 


Wippas, W. F. (1964). Difference of cation concentrations in foetal and adult sheep erythrocytes. 
J. Physiol. 125, 18 P. 


Yovatr, W ee Sheep: their Breeds, Management and Diseases, p. 322. London: Baldwin and 


A 
a 
da 


J. Physiol. (1957) 136, 60-79 


THE ROLE OF THE SPLEEN AND THE HEPATIC ARTERY IN 


THE REGULATION OF LIVER BLOOD FLOW 


By J. GRAYSON anp D. MENDEL 
From the Department of Physiology, University College, Ibadan 


(Received 30 August 1956) 


In previous investigations Johnson (1954) and Ginsburg & Grayson (1954) 
showed that equilibrium levels of liver blood flow, measured by the method of 
internal calorimetry, did not change when the arterial blood pressure was 
lowered from normal values of about 140 to 80mm Hg. Between 80 and 
60 mm Hg a fall in liver blood flow began; below the level of 60 mm Hg liver 
blood flow declined markedly. The mechanism whereby the liver accomplished 
this remarkable stability is not known. That nervous factors were not involved 
was shown clearly by nerve section or ganglion blockade (Johnson, 1954). 
Although the phenomenon was designated ‘intrinsic regulation’ of liver blood 
flow, factors outside the liver were evidently involved, since intrinsic regulation 
was abolished by removal of the spleen, by prolonged anoxia or by surgical 
shock (Grayson, 1954). 

Gastro-intestinal inflow has been shown to be directly related to arterial 
blood pressure and under conditions of haemorrhage undergoes considerable 
reduction. Grayson (1954) suggested that intrinsic regulation could only be 
effective if there was a concomitant increase in the blood reaching the liver 
through the hepatic artery and splenic vein. The aim of the present work was 
to test this hypothesis and to investigate the relations between the hepatic 
artery and liver blood flow and between the spleen and liver blood flow. 


METHODS 
Wistar strain albino rats (200-300 g) of either sex were used. Anaesthesia was induced with 
ether and maintained with pentobarbitone sodium 60 mg/kg intraperitoneally. Polyethylene 
cannulae were inserted into a carotid and a femoral artery after heparinization (Liquemin, 
Roche, 1000 u./kg intraperitoneally). 

Liver blood flow. The technique of internal calorimetry, fully described elsewhere (Birnie & 
Grayson, 1952; Grayson, 1952) was used for the assessment of liver blood flow. The operative 
technique involved in the implantation of recorders has been described in detail (Grayson & 
Johnson, 1953). The photographic method of recording described by Carlyle & Grayson (1956), 
which gives automatic temperature and conductivity records at intervals of 41 sec, was used in 
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all experiments. The results, calculated from the photographic trace, are expressed as conductivity 
increment (8k), that is, the thermal conductivity in excess of that of dead liver. 

Blood-pressure recording. Mean arterial blood pressure was recorded optically, using a Wiggers 
capsule, reflecting a light beam on to the slit of the slow-moving camera which was simultaneously 
recording liver blood flow. The capsule was filled with 0-9% (w/v) NaCl solution and connected 
to the femoral arterial cannula, and for purpose of calibration to a mercury manometer, by 
polyethylene tubing. 

Blood-pressure compensation. A carotid artery was connected to a blood reservoir containing 
about 10 ml. of heparinized rat blood. This was connected in turn to a pressure-stabilizing bottle. 
Raising or lowering the pressure inside the bottle caused blood to flow into or out of the reservoir 
until pressures between animals and reservoir were balanced (Grayson & Johnson, 1953). 

Measurement of portal pressure. A serum needle (no. 1), attached to a narrow bore saline mano- 
meter by polyethylene tubing, was passed through the transverse mesocolon and inserted into the 
portal vein for 0-5-1 cm (Johnson, 1953). Measurement of liver blood flow during this procedure, 
both with intact circulation and after hepatic arterial ligation, showed a small fall in flow during 
insertion of the needle, followed by a rapid return to the original level. Consequently, the 
presence of the needle in the portal vein was not considered to cause serious obstruction to 
portal flow. 

Elimination of the portal blood supply. Ligation of the superior mesenteric artery followed by 
ligation of the portal vein, above or below the splenic vein as required, was found to be 4 satis- 
factory method of eliminating the gastro-intestinal inflow into the portal vein. Splanchnic 
congestion was reduced to a minimum and the animals remained in a satisfactory condition for 
2-3 hr. 

Spleen blood flow. In three experiments on monkeys (Papio anubis) the technique of internal 

i was used to measure the thermal conductivity of the spleen. Anaesthesia was 
induced with ethyl chloride and chloroform and maintained with pentobarbitone sodium, 
60 mg/kg intraperitoneally. Recorders were implanted in the spleen and liver through a mid-line 
abdominal incision. A continuous record was made of spleen conductivity and J* readings 
(Grayson, 1952) were made of liver blood flow. One femoral artery was used for blood-pressure 
recording and the other for blood-pressure compensation. 


RESULTS 
Liver blood-flow responses to changing blood pressure 
The techniques used in the present work enable a greater degree of accuracy, 
particularly in the measurement of conductivity increment corresponding to 
low blood flow, than was possible in the earlier investigations of relationships 
between liver blood flow and arterial blood pressure. 

Fig. 1A shows a typical result relating conductivity increment (5k) and 
arterial blood pressure in a rat lightly anaesthetized with pentobarbitone 
sodium. A standard blood-flow recorder was implanted in the liver; arterial 
blood pressure was controlled by means of the compensator described, and 
recorded independently from the femoral artery. The immediate post- 
operative arterial blood pressure was 110 mm Hg. Blood flow was recorded at 
this level, and at arterial blood-pressure levels of 80, 50, 40, 30 and 18 mm Hg. 
With each drop in arterial blood pressure there was an initial fall in dk, 
followed by recovery complete within 5 min to a plateau which, even at low 
arterial blood-pressure levels, was maintained for the duration of observation, 
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a further 10 min. The points recorded on the graph represent the average 
values of 5k for each of these plateaux. 

It will be seen that the equilibrium levels of 5k were unchanged by lowering 
the arterial blood pressure from 110 to 80 mm Hg. A marked decline in dk 
took place when the arterial blood pressure was lowered over the range 50 to 
18 mm Hg, but when the arterial blood pressure was 18 mm Hg dk was still 
more than 10% of its resting value. Similar results were obtained in most 
experiments. Measurable values of 5k were constantly present even when the 
arterial blood pressure was low. Zero value of 5k were not recorded until the 
death of the animal. | 
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B.P. (mm Hg) 
Fig. 1. Liver blood-flow responses to changing arterial B.P. 
Liver blood supply intact; (A) rat; (B) baboon. 


However, even in rats with liver circulation intact, liver blood flow was not 
always independent of arterial blood-pressure change, even at high levels of 
arterial blood pressure. In four out of sixty experiments liver blood flow fell 
markedly when the arterial blood pressure was lowered. In these exceptional 
instances the blood flow responses were qualitatively similar to those found 
after splenectomy (Fig. 10A). No consistent explanation was forthcoming. 
One of the animals had suffered a protracted period of anoxia, another had 
been accidentally exposed to the effects of haemorrhage and its blood volume 
restored by transfusion, but the other two were apparently in good condition 
throughout the experiment. 

The relationships between liver blood flow and arterial blood pressure were 
also investigated in two baboons(Papio anubis), one an adult, the other 4 weeks 
old. The results from the adult baboon are given in Fig. 1B. A similar result 
was obtained in the other animal. When the level of blood pressure was 
70 mm Hg or higher it is seen that the equilibrium levels of liver blood flow 
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were the same. The maximum decline in blood flow occurred between arterial 
blood-pressure levels of 70 and 30 mm Hg. Even below this level of arterial 
blood pressure there was evidence of some liver blood flow persisting until 
death. 

Arterial blood pressure and portal pressure 

Pressure in the portal vein is of obvious importance in the regulation of liver 
blood flow, and it was felt necessary to confirm the linear correlation between 
portal pressure and arterial blood pressure reported by Johnson (1953). 
Portal pressure was recorded in a rat during the experiment already shown in 
Fig. 1A. The results are given in Fig. 2A; portal pressure was related to 
arterial blood pressure in an approximately linear fashion. 

In other experiments portal pressure was recorded after ligation of the 
hepatic artery. The findings shown in Fig. 2B were obtained during the 
experiment recorded in Fig. 4. The correlation between portal and arterial 
blood pressure was essentially the same as with the circulation intact. 

The experiments were repeated after removal of the spleen. Again, the 
results were similar. Moreover, clamping the splenic vein during an acute 
experiment on an animal with intact liver blood supply was not found to 
influence the portal pressure. 


Influence of the hepatic artery on lwer blood flow 

The hepatic arterial contribution to liver blood flow was investigated at 
various levels of arterial blood pressure in rats lightly anaesthetized with 
pentobarbitone sodium. 

Clamping the hepatic artery. Fig. 3 shows the results of an experiment in 
which the arterial blood pressure was stabilized at 110 mm Hg. The hepatic 
artery was exposed and blood-flow recording begun. After a short period the 
hepatic artery was occluded for 6 min by means of a small artery clamp. 
During clamping there was an initial fall in 5k of about 50% followed by 
recovery to a level about 35% less than the value before clamping. On 
releasing the clamp 5k recovered to its initial level. 

On lowering the arterial pressure to 80 mm Hg no change occurred in the 
equilibrium level of 5k. Clamping the hepatic artery now produced a drop in 
5k to a level approximately 80% below the resting value. There was no 
tendency to recover during the period of clamping. On removing the clamp, 
5k made a complete recovery. 

When the arterial blood pressure was lowered to 50 mm Hg there was a 
decline in the equilibrium level of 5k. Clamping the hepatic artery now pro- 
duced a drop of about 55%, initially with a recovery to approximately 27% 
below initial preclamping levels. Similar results were obtained in all such 
experiments. In three different experiments the hepatic artery was occluded 
at an arterial blood pressure of 30 mm Hg without effecting any change in dk. 
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Fig. 2. Relation between portal pressure and arterial B.P. 
(A) Liver circulation intact; (B) hepatic artery ligated. 
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Fig. 3. Effect on liver blood flow of clamping hepatic artery in the same rat with 
arterial B.P. of (A) 110 mm Hg, (B) 80 mm Hg, (C) 50 mm Hg. 
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Hepatic arterial ligation was also carried out in a group of seven rats in 
which the arterial blood pressure ranged from 130 to 150mm Hg. At these 
blood-pressure levels the immediate fall in liver 54 (mean for the group) on 
tying the ligature was 31%, followed by a recovery to a level 21% below the 
initial value. 

Liver blood flow and arterial blood-pressure relationships after hepatic artery 
ligation. In six experiments using rats the hepatic artery was ligated after 
implantation of a blood-flow recorder in the liver. The arterial blood pressure 
was immediately lowered in stages, each selected arterial blood pressure being 
maintained for 10 min. A typical experiment is shown in Fig. 4.4. The relation 
between 5k and arterial blood pressure shown in Fig. 1 was no longer present. 
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Fig. 4. Liver blood-flow responses after ligation of the hepatic artery. (A) 5k and 
: arterial B.P.; (B) 5& and portal pressure. 


Liver 5k fell markedly with each decline in arterial blood pressure and re- 
covered slightly to the 5k levels given in the graph. When the arterial blood 
pressure was 80 mm Hg the equilibrium level of 5k was about 30% of the 

value before haemorrhage. 
In this experiment portal pressure was also recorded. Fig. 4B shows the 
relation between 5k and portal pressure: which, since the hepatic artery was 
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ligated, was the sole effective perfusion pressure maintaining blood flow through 
the liver. The 5k/portal pressure relations were similar to 5k/arterial blood- 
pressure relations. The experiments relating to arterial blood pressure and 
liver blood flow were repeated in animals in which hepatic artery ligation was 
carried out 24 hr and 4 days before the experiment. The results (Fig. 5) were 
qualitatively similar to those described above. 
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Fig. 5. Liver blood-flow response to changing arterial s.r. (different rats). (A) 24 br after 
hepatic artery ligation; (B) 4 days after hepatic artery ligation. 


Inwer blood flow responses to changing arterial blood pressure with the hepatic 
artery as its sole blood supply. In six experiments using rats the hepatic artery 
was left as the sole supply to the liver by elimination of the splenic and 
gastro-intestinal contributions in the manner already described (see Methods). 
The results of five of these experiments are shown in Fig. 6. In all these experi- 
ments blood flow in the liver ceased when the arterial blood pressure was 
lowered, the critical level for cessation of flow varying from 30 to 90 mm Hg. 
In two of the experiments initial levels of liver blood flow were maintained to 
@ varying extent despite declining arterial blood pressure. Otherwise there 
was no consistent relation to arterial blood pressure. 

In the sixth experiment the post-ligation value of 5k was low (2-5 x 10~‘), 
but this low level was maintained unchanged whilst the arterial blood pressure 
was lowered from 110 to 60 mm Hg. With a further decline in arterial blood 
pressure, 5k fell slowly but remained measurable even with an arterial blood 
pressure of 15 mm Hg. Zero blood flow was not recorded until the animal died. 
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60 80 
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Fig. 6. Liver blood-flow responses to changing arterial B.P. after elimination of the 
gastro-intestinal and spleen contributions (5 experiments, different rats) 
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Fig. 7. The effect of splenectomy on liver blood flow. (A) left 
lobe of liver; (B) right lobe of liver (different rats). 


The influence of the spleen on liver blood flow 

It has previously been inferred (Grayson, 1954) that the spleen contributes 
to liver blood flow in such a manner as to compensate for fluctuations in the 
gastro-intestinal inflow into the portal vein. This matter was investigated. 

Spleen contribution to liver blood flow. In five experiments using rats, arterial 
blood pressure was stabilized at the post-operative resting level (120- 
140 mm Hg). 5k was recorded either from the left or from the right lobe of 
the liver, and after a short period the spleen was removed through the 
abdominal incision. The results of two experiments are shown in Fig. 7. 
Fig. 7.4 shows blood-flow responses from the left lobe, Fig. 7 B from the right. 
At these levels of arterial blood pressure, acute splenectomy produced no 
diminution in 8k in either lobe; in some experiments a small temporary 
increase occurred. 
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The spleen contribution to liver blood flow was investigated at different th 
levels of arterial blood pressure. In five experiments arterial blood pressure fr 
was stabilized at 75 mm Hg by means of the compensator. The effect of acute - 
splenectomy on 5k values was recorded. In all experiments there was an 1 
immediate fall in 5k followed by a recovery in 5-10 min to a plateau lower than th 
the flow before splenectomy. The immediate fall varied from 23 to 60% ofthe 4 j, 
immediate presplenectomy values, the mean immediate fall being 35%. The al 
final level reached after the partial recovery varied from 12 to 50% below the 7 
presplenectomy levels, the mean value being 23%. 

A 
On 
=| 
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4h 
30 
On 8B 
+5, 
x Off 
5 
C 
On of 
155, Fi 
Fi 
Time (min) 
Fig. 8. The effect on liver blood flow of clamping the splenic pedicle in the same rat: de 
arterial B.p. of (A) 100 mm Hg, (B) 80 mm Hg, (C) 50 mm Hg. liy 
l- 
In three experiments the effect of clamping the splenic pedicle at various bl 
levels of arterial blood pressure was investigated. In the experiment shown in 14 
Fig. 8 arterial blood pressure was stabilized at 100 mm Hg. After a short " 
control period, the splenic pedicle was clamped for a period of 6 min. There sy 
was a decline in 5k of about 33% complete in 2 min, followed by a recovery to = 
a level 14% below the mean preclamping level. After releasing the clamp he 
arterial blood pressure was lowered to 80 mm Hg, little change occurring in fas 


5k. On clamping the splenic pedicle there was now a rapid fall in 8k of about 
53% with no recovery during the period of clamping. After again releasing m: 


4 


& 


ip 


Bk x10* 


LIVER BLOOD-FLOW REGULATION 69 


the clamp, arterial blood pressure was lowered to 50mm Hg. 5k declined 
from 4-8 x 10~* to a mean value of 1-75 x 10-*. Clamping the splenic pedicle 
now produced a drop of about 30% in 5k, with some recovery to a level about 
10% below the mean preclamping level. A similar result was obtained in all 
these experiments. Thus clamping the splenic vein had little effect at high 
levels of arterial blood pressure, a marked effect at blood pressure levels of 
about 100mm Hg, a maximum effect at blood-pressure levels of about 
75 mm Hg and less effect when the blood pressure was about 50 mm Hg. 


Fig. 9. The effect of splenectomy 5 days after hepatic artery ligation. Arterial s.r. 120 mm Hg. 
Fig. 10. Liver blood-flow responses to changing arterial B.r.: (A) 24 hr after splenectomy; (B) 7 
days after splenectomy. 


Spleen contributions to liver blood flow after hepatic artery ligation. In order to 
determine whether there was an increase in the contribution of the spleen to 
liver blood flow after hepatic artery ligation, splenectomy was carried out 
1-4 days after hepatic artery ligation in four experiments using rats. The arterial 
blood pressure was stabilized at the immediate post-operative levels (120- 
140 mm Hg). The result of a typical experiment is shown in Fig. 9. There was 
a big fall in 8k within 2 min of splenectomy followed by a return to pre- 
splenectomy levels of 5k in a further 3 min. The fall in 5k to very low levels 
was not a result of kinking of the portal vein, as it occurred after the spleen 
had been removed and not during the operative procedure. Similar results 
were obtained in all four experiments. 

Liver blood flow and arterial blood pressure after splenectomy. Four experi- 
ments were performed using rats in which arterial blood pressure was lowered 
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in stages immediately or 24 hr after removing the spleen. Fig. 10.A shows the 
results of an experiment performed 24 hr after removing the spleen. In this 
experiment there was a modification of the result obtained from experiments 
in which the blood supply to the liver was intact (Fig. 1A), in that there was 
a marked change in the equilibrium levels of liver blood flow with each change 
in arterial blood pressure over the range 50-140 mm Hg. The fall in liver 
blood flow, however, was never as great as that which occurred after hepatic 
artery ligation (Fig. 4.4). Similar results were obtained in all such experiments. 

The relation between liver blood flow and arterial blood pressure was 
further investigated in rats in which splenectomy had been performed 1 week 
previously. A typical result is shown in Fig. 10B. It will be seen that little 
change occurred in liver blood flow between arterial B.p. of 140 and 
60 mm Hg. The response was essentially similar to that recorded from rats 
with intact liver blood supply (Fig. 1). 

Spleen responses during changing arterial blood pressure. The above results 
pointed to the necessity for the direct measurement of blood flow in the spleen. 


TaBiz 1. Blood-flow responses to lowering the arterial B.P. in 
liver and spleen of two baboons (unit =5k{ x 10-*])* 
B.e. (mm Hg)... 100 80 60 40 20 


Adult baboon 
Liver 118 80 34 £05 
Spleen 70 
Young baboon 
Liver 100 100 — 
Spleen 0-4 0-5 156 28 1-0 


* Le. numbers given are 10* x actual values. 


Accordingly the method of internal calorimetry was applied to this organ. In 
the isolated, perfused spleen a linear relation between rate of perfusion and 
thermal conductivity has already been demonstrated (Grayson, 1952). 
Although it does not necessarily follow that measurements of 5k in the intact 
spleen are similarly related to arterial inflow, 5/ is a measure of fluid move- 
ment within an organ and it seems reasonable to regard such determinations 
as related to splenic venous outflow. Accordingly in two baboons, one an 
adult, one 4 weeks old, standard blood-flow recorders were implanted in the 
spleen and the effect of lowering the arterial blood pressure in stages was 
investigated. The results are given in Table 1. In the adult baboon, maximum 
values of 8k were recorded from the spleen when the blood pressure was 
80 mm Hg, at which level there was little difference in this respect between 
spleen and liver. When the arterial blood pressure was lowered further, how- 
ever, spleen 5k values declined rapidly. The results obtained in the young 
baboon were less satisfactory, low values of 5k being obtained throughout the 
experiment. Maximum values were obtained when the blood pressure was 
about 40 mm Hg. 
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The mnfluence of gastro-intestinal venous outflow on liver blood-flow 
responses to changing arterial blood pressure 

Gastro-intestinal outflow as the sole hepatic blood supply. In four experiments 
using rats the hepatic artery was tied and the spleen removed, producing a 
mean drop in liver 54 of 33%. In the experiment shown in Fig. 114 the 
immediate post-operative value of 8k was 4-5 x 10-*. Arterial blood pressure 
was lowered in steps. With each decline in arterial blood pressure there was 
an immediate fall in 5k followed by a partial recovery to a stable plateau. It 
will be seen that the relation between plateau levels of 5k (shown in the graph) 
and arterial blood pressure is similar to that already recorded when the hepatic 
artery was ligated (Fig. 4), a drop in liver blood flow occurring with each 
arterial blood-pressure decrement. 
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Fig. 11. Liver blood-flow responses to changing arterial s.r. (A) hepatic artery and splenic 
pedicle ligated, portal vein intact; (B) gastro-intestinal contribution to portal flow eliminated 
(hepatic artery and splenic vein intact). | 


Gastro-intestinal inflow into the portal vein eliminated. In these experiments 
using rats the hepatic artery and the splenic vein were left intact but the 
portal vein was tied proximal to the splenic vein after previous ligation of the 
superior mesenteric artery. In the experiment shown in Fig. 11B, when the 
blood pressure was stabilized at 108mm Hg the mean value for 5k was 
5-1x10-*, Although transient falls in 5k occured with each fall in arterial 
blood pressure, the equilibrium levels remained elevated. Thus, when the 
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arterial blood pressure was 60 mm Hg, 5k was still 4-5 x 10-*. Below this level 
5k declined but there was still evidence of measurable blood flow (8k = 1-5 x 10-4) 
when the arterial blood pressure was 15 mm Hg. 


Changes in vascular resistance to blood flow within the lwver 
The above investigations reveal differences in the response to changing 
arterial blood pressure as between the portal contribution to liver blood flow 
and the hepatic arterial contribution. The results shown in Table 2 were 
calculated from the experiments shown in Fig. 3, using the expression 
arterial blood pressure 


Tasixe 2. Resistance to flow of hepatic artery and portal venous blood, calculated in arbitary 
units as arterial pressure/5k: (portal pressure is assumed to be a linear function of arterial 
pressure). Portal resistance calculated from immediate residual 5k value after clamping 
hepatic artery. 


Hepatic artery 
Hepatic artery contribution to Resistance 
Be. Intact blood liver flow Resistance to _—'to hepatic 
(mm Hg) (8k x 10-*)) (8k{ x 10-*}) portal flow* artery flow* 
(8k, x 10-*)) y aly 
110 9-0 4-8 4-2 22 26 
80 10-0 2 8-0 40 10 
50 7-5 3-3 4-2 15 12 
* Arbitrary units. 
TaB_LzE 3. Resistance to portal inflow after ligation of the hepatic artery (from Fig. 4) 
Resistance to 
Portal portal inflow | 
B.P. pressure (portal pressure 
(mm Hg) (mm H,0) dk( x 10-*) dk x 10~*)) 
120 83 2-4 34-7 
77 59 1-40 42-0 
40 39 0-35 111-0 
20 29 0-30 5 


It is clear that resistance to hepatic arterial inflow fell when the arterial blood 
pressure was lowered from 110 to 80 mm Hg and rose again when it was 
further lowered to 50 mm Hg. Clamping the hepatic artery when the arterial 
blood pressure was 30 mm Hg had no effect on blood flow, indicating an 
infinite resistance to blood flow at this level of blood pressure: resistance to 
portal inflow, however, rose when the blood pressure was lowered from 110 to 
80 mm Hg and fell again when the blood pressure was further lowered to 
50 mm Hg. 

Table 3 shows the results of resistance calculations on the experiment shown 
in Fig. 4B. In this experiment the hepatic artery was ligated and the portal 
pressure measured. Resistance was calculated as portal pressure/flow (5k). It 
will be seen that there was a progressive increase in resistance with each 
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decline in blood pressure, up to 50 mm Hg; thereafter resistance fell. This 
finding was typical of all results with direct measurement of portal pressure 
after hepatic arterial ligation. The peak resistance usually occurred between 
arterial blood pressures of 80 and 50 mm Hg. 

The experiments shown in Fig. 6, where the hepatic artery was the sole 
source of blood supplying the liver, were not sufficiently consistent to justify 
similar calculations with respect to the hepatic artery alone, although with 
one exception resistance to hepatic arterial inflow rose to infinity below arterial 
blood pressures of 30 mm Hg. 


The effect on survival time of combined splenectomy and hepatic ligation 
In a series of twenty rats the hepatic artery alone was ligated and the 
animal permitted to recover. Four of these animals died within 36 hr: the 
remainder survived indefinitely, In a series of thirty experiments splenectomy 
was performed and the animals allowed to recover. None of these animals 
died. In five experiments, however, splenectomy was performed after previous 
hepatic arterial ligation. All these animals died within 24 hr. 


DISCUSSION 

The relation between liver blood flow and arterial blood pressure 
The concept of intrinsic regulation which forms the main subject of the present 
work is at first sight hard to reconcile with the findings of Wakim & Mann 
(1942), who maintained that at any one time large portions of the liver are 
closed off from the circulation at large. They visualized, so to speak, a patchy 
distribution of active blood flow, and regarded the liver circulation as highly 
variable and unstable. This view received some confirmation from the findings 
of Grindlay, Herrick & Mann (1941) who, using thermostromuhr methods, 
found variations in flow along each of the main afferent vessels. 

In contrast, most bromsulphthalein investigations have shown great 
steadiness of blood flow (Bradley, Inglefinger, Bradley & Curry, 1945). All 
the work reported to date, in which internal calorimetry was the technique of 
investigation, confirmed that blood flow in the region of the heated thermo- 
couple was remarkably steady under a variety of conditions. Moreover, in 
such experiments, the liver possessed the ability to preserve a constant circu- 
lation despite big changes in arterial blood pressure. These findings were made - 
mainly in the rat. Johnson (1953) has deduced some evidence to suggest that 
the same applies to anaesthetized man and the present work has shown intrinsic 
regulation in the monkey’s liver. So many experiments have now been 
performed using this method that, although each indicates local changes only, 
it must be concluded that the findings are representative of the whole liver of 
several mammalian species. In confirmation of this conclusion, Heinemann 
Smythe & Marks (1953), using the bromsulphthalein clearance method, showed 
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in dogs that a drop in blood pressure of up to 60mm Hg produced by 
haemorrhage caused an immediate drop in liver blood flow but was followed 
by spontaneous recovery to near control levels. 

The observations of Wakim & Mann (1942) may well be dependent on the 
small vascular territories they were observing. Random variations in capillary 
beds are a feature of the circulation in many parts of the body (Chambers & 
Zweifach, 1944) and do not necessarily produce random variations in total 
flow in a bigger area. 

Phenomena similar to intrinsic regulation of liver blood flow have been 
demonstrated in the kidney (Shipley & Study, 1951) in skeletal muscle 
(Folkow, 1953) and in the brain (Carlyle & Grayson, 1956). In the latter organ 
blood flow was maintained constant at lower levels of arterial blood pressure 
than is the case in the liver. However, as the blood pressure fell towards 
20 mm Hg there was a sudden rise in vascular resistance so that brain blood 
flow ceased even though the blood pressure was still 20mm Hg. From the 
present work, this sudden closure of the circulation does not occur in the liver 
with intact blood supply. There was evidence of some blood flow even at very 
low levels of blood pressure, zero flow only being recorded on the death of the 
animal. 

Contribution of the hepatic artery to lwer blood flow 

The flexibility of hepatic arterial contributions to total liver blood flow has 
been noted by Burton-Opitz (1911) after clamping the portal vein, and 
emphasized by Soskin, Essex, Herrick & Mann (1938) who found that the 
hepatic artery could supply 10-90% of total liver blood flow. It is therefore 
difficult without strict definition of conditions to compute the contribution of 
the hepatic artery to total liver blood flow. Nevertheless, this computation 
has been attempted by a number of workers. Burton-Opitz (1911) and 
Barcroft & Shore (1912) estimated the mean contribution of this vessel to total 
hepatic flow to be between 30 and 34% in the dog and cat. Thermostrohmuhr 
methods suggested even lower figures; Grindlay e¢ al. (1941) claim that the 
hepatic artery of the dog only carried 14-3 % of total liver blood. The findings 
of Ginsburg & Grayson (1954) using ‘internal calorimetry’, suggested that the 
coeliac axis contributed about 40% of total hepatic blood. 

In these analyses, however, the effect of arterial blood pressure was largely 
ignored, but there can be no doubt from the present work that the extent of 
the hepatic arterial contribution to total liver blood flow depends very greatly 
on this factor. The results of clamping the hepatic artery are themselves highly 
suggestive. This procedure had a larger lowering effect on liver blood flow when 
the arterial blood pressure was at 80 mm Hg than it had either at 110 mm Hg 
or at lower levels. Indeed, at arterial blood pressures as low as 30 mm Hg, 
clamping the hepatic artery had no effect on liver blood flow. Quantitative 
interpretation of these results is complicated by the fact that clamping the 
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hepatic artery produced an immediate drop in flow followed by some recovery. 

Ginsburg & Grayson (1954) have previously suggested that the immediate 
drop was more representative of the hepatic arterial contribution than the net 
drop after recovery to a plateau. Assuming this to be so, the hepatic arterial 
contribution to total liver flow varied from 50%, at arterial blood pressures of 
110 mm Hg to 80% at arterial blood pressures of 80 mm Hg, and to nil at 
arterial blood pressures of 30 mm Hg. From the results summarized in Table 2 
it is clear that this change could only have been accomplished by a process of 
active vasodilatation in the hepatic vascular bed as the arterial blood pressure 
fell to 80 mm Hg, followed by vasoconstriction as it fell further. In experiments 
where the hepatic artery was the sole blood supply to the liver it was some- 
times possible, despite the severity of the operation, to demonstrate vaso- 
dilatation with the arterial blood pressures dropping to 30 mm Hg. In all such 
experiments, however, except one, hepatic blood flow ceased whilst arterial 
blood pressure was still positive. The evidence strongly suggests therefore that 
in the presence of low arterial blood pressure spasm usually occurred in the 
hepatic artery or in the vascular territory it supplied. It may well be that 
this apparent closure of the arterial supply to the liver results from a drop 
in blood pressure to below the critical pressure consistent with patency in 
an elastic or muscular vessel (Burton, 1952). 


Contribution of the portal vein to lwer blood flow 

The present experiments confirm the variability of portal supply to the liver 
previously reported (Grindlay et al. 1941; Grayson, 1954). It must be con- 
cluded from the effect of clamping, that the portal contribution to liver blood 
flow was far less when the arterial blood pressure was 80 mm Hg, than when 
the arterial blood pressure was 100 mm Hg. When the arterial blood pressure 
was low, however, clamping the hepatic artery had no effect on flow and the 
portal vein was probably the only source of blood supply remaining to the 
liver. 

Calculations of resistance (Table 2) to portal inflow showed that lowering the 
arterial blood pressure increased the portal resistance to a maximum at blood 
pressure levels between 80 and 60 mm Hg. However, when the blood pressure 
was lowered further, resistance to portal flow declined. Further to this it may 
be deduced from the persistence of flow in the portal vein up to the moment of 
death that at extreme low blood pressure resistance in the portal vein was 
small. The results of all experiments where the sole source of blood supply to 
the liver was the portal vein were consistent and showed the same pattern of 
response, namely resistance increasing as the blood pressure was lowered to 
a maximum between 50 and 80 mm Hg followed by a decline in resistance as 
zero blood pressures were approached. 

The mechanism of build up of resistance to portal flow at blood pressures 
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between 50 and 80 mm Hg is far from clear. Since there was no such build up 
when the sole blood supply to the liver was the hepatic artery, it may be 
concluded that the location of the main resistance, at least, was not in the 
hepatic veins draining the liver, but probably in the terminal branches of the 
portal vein itself. This conclusion is consistent with the observations of 
Friedman, Frank & Fine (1951), which showed constriction of branches of the 
portal vein during haemorrhage. A further point of interest is that there was 
no evidence of any phenomenon which could be attributed to critical closing 
pressure in the portal vein or its branches. 


Relation of the spleen to liver blood flow 

It was first suggested by Hargis & Mann (1925) that the spleen might serve 
anastomotic functions linking aorta and portal vein, neutralizing variations in 
gastro-intestinal inflow and thus ensuring a continued blood supply to the 
liver. This view of splenic function, overshadowed in the intervening years by 
concentration on the spleen’s storage function, must be seriously reconsidered 
in view of the present findings. Grayson (1954) has already demonstrated that 
intrinsic regulation is abolished by removal of the spleen, but returns after a 
period of about one week. This finding was amply confirmed in the present 
work, 

The immediate effect on liver blood flow of ligating the splenic pedicle of a 
rat with a systemic blood pressure of 120-140 mm Hg was surprisingly small. 
Usually no change occurred, sometimes liver blood flow increased. It is not 
suggested that under these conditions spleen blood flow was, in fact, nil, but 
that a rapidly acting compensatory mechanism, possibly involving the hepatic 
artery, might have been operative. That this was partially true was shown 
after hepatic artery ligation when even at high arterial blood pressure levels 
ligation of the splenic pedicle produced a marked drop in liver blood flow. 
When the arterial blood pressure was 75 mm Hg and the hepatic artery patent, 
clamping the splenic pedicle caused an immediate drop in liver blood flow 
varying between 23 and 60%, followed by a recovery to 12-50% of the 
original flow. The changes produced by clamping were less pronounced at 
lower blood-pressure levels. It seems likely, therefore, that the splenic contri- 
bution to liver flow rises to a maximum as the blood pressure falls to about 
75 mm Hg, thereafter diminishing to zero as the blood pressure falls further. 

In the present work measurements of thermal conductivity were made in 
the spleens of baboons in an attempt to confirm directly the presence of a 
compensatory increase in spleen blood flow during haemorrhage, but although 
in the isolated spleen 5k is a linear function of outflow, the present findings 
must be viewed with caution pending further justification of the method. 
Nevertheless, the results were suggestive of an increase in spleen blood flow 
accompanying a fall in arterial blood pressure. Moreover, since the blood flow 
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was increasing whilst the arterial blood pressure was falling, the conclusion 
seems justified that pronounced vasodilatation occurred within the spleen. 

From the above considerations the spleen may justifiably be regarded as a 
compensatory arteriovenous anastomosis in the manner suggested by Hargis & 
Mann (1925). The present work has shown that the relation of portal to 
systemic arterial pressure is not affected by splenectomy. It is unlikely, 
therefore, that purely mechanical factors can be responsible for the ceaeeeaeh 
which occurs at low arterial blood pressures. ~- 


General considerations concerning intrinsic 
regulation of liver blood flow 

It is evident that intrinsic regulation of liver blood flow is a phenomenon 
normally depending on the integrity of the liver’s blood supply. The hepatic 
artery is particularly important in this respect. The present findings differ from 
Johnson’s suggestion (1954) that intrinsic regulation was still present after 
ligation of the hepatic artery. As he himself recognized, his technique was not 
fully reliable with low blood flows and his published results did not justify any 
dogmatic conclusion. In the present work the position was quite clear. 
Intrinsic regulation of liver blood flow was never present after ligation of the 
hepatic artery, nor did it return even after several days. In contrast, a liver 
whose sole blood supply was the hepatic artery could still show intrinsic 
regulation. It may be concluded, then, that intrinsic regulation is the result 
of resistance changes in the hepatic arterial bed, but that such changes cannot 
occur in the portal vascular bed. 

This conclusion must be amplified, for the spleen, whose contribution is to 
the portal vein, also possesses an important relation to liver blood flow. Thus 
liver blood flow regulation during a fall in blood pressure probably depends on 
a combination of splenic vasodilatation and compensatory changes occurring 
in the hepatic arterial bed. It may be significant in this respect that either 
splenectomy or hepatic arterial ligation alone was rarely lethal, whereas the 
combination of these procedures produced in every case death within 24 hr. 

Probably the importance of these mechanisms arises from the fact that the 
gastro-intestinal contribution to liver blood flow varies considerably with 
blood pressure. At high levels most of the liver blood probably derives from 
this course, at intermediate levels probably very little, but at very low levels 
of blood pressure the gastro-intestinal contribution is probably the only source 
of blood available to the liver. 


SUMMARY 
1. Intrinsic regulation of liver blood flow, a mechanism whereby liver blood 
flow is maintained constant despite decline in blood pressure over the range 
140-80 mm Hg, was investigated in the rat and the baboon. 
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2. The relative contributions to liver blood flow of the hepatic artery and 
the spleen were investigated at various blood-pressure levels. 

3. At blood-pressure levels of 120-140 mm Hg the hepatic artery contri- 
buted about 30% of the total liver flow. The contribution increased at lower 
blood-pressure levels, being maximum at arterial pressures of 80 mm Hg. 
‘When the arterial pressure was lower than this, the hepatic contribution 

declined, being nil at blood pressures lower than 30 mm Hg. 
_ 4, No splenic contribution to liver blood flow could be demonstrated at 
blood pressures of 120-140 mm Hg. There was an increase in splenic contri- 
bution with falling blood pressure to maximum values of 23-60%, of the total 
liver flow at arterial pressures of about 75mm Hg. Below these levels the 
splenic contribution declined. 

5. Gastro-intestinal inflow was the main blood supply of the liver at blood- 
pressure levels of 120-140 mm Hg. The gastro-intestinal contribution was 
small at intermediate blood pressures, but at blood pressures below 30 mm Hg 
it was probably the only blood supply to the liver. 

6. Intrinsic regulation of liver flow was abolished permanently by hepatic 
arterial ligation and temporarily by splenectomy. 


This work was aided by a grant from the Medical Research Council. 
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THE HYPERPOLARIZATION WHICH FOLLOWS ACTIVITY IN 
MAMMALIAN NON-MEDULLATED FIBRES 


By J. M. RITCHIE anp R. W. STRAUB* 
From the National Institute for Medical Research, London, N.W.7 


(Received 7 September 1956) 


A period of repetitive activity in mammalian jnon-medullated fibres usually 
produces profound after-effects: under suitable conditions the size of the 
recorded action potential increases two- or threefold after a burst of activity, 
there is a large increase in the duration of the action potential and there is a 
prolonged hyperpolarization of the membrane (Brown & Holmes, 1956; 
Ritchie & Straub, 1956). It has recently been shown that the increase in the 
size of the action potential is a result of the increased duration of the action 
potential (Ritchie & Straub, 1956), as was predicted by Gasser (1950). There 
is no evidence for any large increase in the absolute size of the spike (Ritchie 
& Straub, 1956). The increased duration of the action potential is apparently 
entirely due to the appearance of a long-lasting, slow, negative after-potential 
which develops at the end of the spike; and it was concluded that the negative 
after-potential following the post-tetanic spike in turn resulted from the post- 
tetanic hyperpolarization (Ritchie & Straub, 1956). 

The post-tetanic hyperpolarization is thus the underlying cause of many 
of the electrical phenomena of mammalian non-medullated nerve. In the 
present experiments the post-tetanic hyperpolarization has been studied and 
its production has been shown to be closely linked to the specific mechanism 
for the extrusion of intracellular sodium ions. 


METHODS 


Adult lop-eared rabbits were anaesthetized with urethane given as a 25% solution into the 
marginal ear vein (1-6 g/kg). About 50 mm of the cervical sympathetic trunk were removed from 
the animal and cleaned under a high power ( x 25) dissecting microscope: all connective tissue was 
removed and the trunk or one of its small subdivisions was usually desheathed. Most of the 
fibres of the desheathed nerve were cut away so that only a small bundle of fibres remained, 
whose cross-section was about 1/10-1/100 of the original area of the trunk. Such a bundle was 
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mounted in the apparatus described by Staémpfli (1954) and in more detail by Straub (1956) so 
that the bundle lay in two pools of Locke’s solution which were separated by a third insulating 
pool of isotonic sucrose solution. A pair of non-polarizable electrodes, dipped one each in the 
two pools of Locke’s solution, recorded the potential difference between one Locke’s solution— 
sucrose interface and the other. This technique has the advantage that such high resistances are 
produced in the external fluid between the recording regions that, for medullated fibres anyway, 
almost the full value of the resting potential is recorded (Stampfli, 1954). However, the height of 
the action potential recorded from a bundle is smaller than the absolute value of the spike of an 
individual fibre, because of the temporal dispersion occurring in a population of fibres (see Ritchie 
& Straub, 1956). But the main advantage of this method for the present experiments is that the 
continuous flow of the solutions and the small bulk of fibres prevent the accumulation of ions in the 
fluid between the fibres. The temperature of the solutions bathing the nerve was measured by 
means of a thermocouple. 

In a few experiments the nerve trunk or one of its subdivisions was mounted on platinum wire 
electrodes for stimulation and recording, and immersed in a bath of light liquid paraffin at a 
pre-set temperature. The paraffin was previously equilibrated with Locke’s solution to prevent 
dehydration of the nerve and was continuously bubbled throughout the experiment with a mixture 
of 5% CO,, 95% Oy. | 

The potentials in the nerve were recorded with low grid current cathode-followers and a 
directly coupled amplifier. 

The electronic stimulator used had an RF output unit (Schmitt, 1948) to isolate the stimulus 
from earth and minimize stimulus artifact. 

The composition of the Locke’s solution used was (mm): NaCl, 154; KCl, 5-6; CaCl,, 2-2; 
NaHCO,, 1-9; dextrose, 5; it was equilibrated with 5% CO,, 95% O, and had a pH of about 6-5. 


RESULTS 


The rabbit’s cervical sympathetic trunk contains both medullated and non- 
medullated fibres (Butson, 1950), the latter being composed partly of pre- 
ganglionic fibres to the superior cervical ganglion and partly of post-ganglionic 
fibres from the lower cervical ganglia (Douglas & Ritchie, 1956). Post- 
tetanic hyperpolarization also occurs in these medullated fibres and has been 
described by many authors (e.g. Hering, 1884; Garten, 1910; Gasser & Grund- 
fest, 1936). This might have been a disturbing factor in our experiments, 
since we were only interested in the post-tetanic hyperpolarization of the 
non-medullated fibres. However, this factor could be excluded because the 
post-tetanic hyperpolarization is much less pronounced in the medullated B 
fibres than in the non-medullated C fibres at the frequencies of stimulation 
used (15-50 shocks/sec). This is illustrated in the records in Fig. la, where a 
desheathed cervical sympathetic trunk has been stimulated for 10 sec at a 
frequency of 15 shocks/sec and at an intensity just sufficient to excite all the 
medullated fibres, and in Fig. 16, where the stimulus intensity was increased 
so as to excite the non-medullated fibres as well. There is practically no 
hyperpolarization in Fig. la, whereas there is a typical large, post-tetanic 
effect in Fig. 1b. In most experiments the interfering effect of the medullated 
fibres was further excluded by the fact that the experiments were done on 
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many of these bundles little or no B potential could be recorded; the subse- 
quent illustrations in this paper, except Figs. 9 and 10, were obtained from 
such preparations. 


10 mV 


| 


10 sec 


Fig. 1. The potentials recorded from a desheathed bundle from the cervical sympathetic trunk of 
a rabbit before, during, and after a 10 sec period of repetitive stimulation. In a the intensity 
of stimulation was just sufficient to excite all the medullated B fibres, and in 6 all the non- 
medullated fibres as well; the potentials were recorded by means of a directly coupled 
amplifier, hyperpolarization being downwards. Frequency of stimulation, 15 shocks/sec; 
temperature, 30° C. 


Metabolic inhibitors 

We tested the effect of metabolic inhibitors on the post-tetanic hyper- 
polarization because the question naturally arose whether or not the post- 
tetanic hyperpolarization is linked to the changes in the nerve metabolism 
which follows nervous activity. Most of the experiments were done with dini- 
trophenol, but other inhibitors, cyanide, iodoacetate and azide were used also. 

The result of an experiment where the solution bathing a desheathed 
preparation was changed for a similar one containing 0-2 mmM-2:4-dinitro- 
phenol (DNP) is illustrated in Fig. 2. This experiment was done on a de- 
sheathed bundle. The middle record was taken after the nerve bundle had 
been soaking in the DNP for 15 min, and those on its left and right were taken 
immediately before the drug was added, and 10 min after the nerve had been 
restored to Locke’s solution, respectively. It can be seen that the DNP 
markedly decreased the extent of the post-tetanic hyperpolarization and in 
addition caused a general lowering of the resting potential which amounted to 
about 0-6 mV in this experiment. In other experiments this concentration of 
DNP not only diminished but abolished the post-tetanic hyperpolarization. 

Similar effects were obtained in intact nerve trunks or in nerve bundles, 
which had been cleaned of connective tissue but which had not been finally 
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m 
10 sec 
Fig. 2. The effect of DNP on the post-tetanic hyperpolarization of a desheathed bundle of non- 
medullated fibres from the cervical sympathetic trunk of a rabbit. The record on the left was 
taken with the bundle in Locke’s solution, the middle record after soaking for 10 min in 
Locke’s solution containing 0-2 mm DNP and the record on the right 15 min after the bundle 
had been restored to Locke’s solution. The potentials were recorded with a directly coupled 
amplifier and the depolarization produced by DNP is indicated by the relative positions of 
the records. Frequency of stimulation, 15 shocks/sec; temperature, 27° C. 
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en Fig. 3. The effect of DNP on the post-tetanic hyperpolarization of the rabbit’s cervical sympathetic 

VP trunk with an intact nerve sheath. In these records the last stimulus of a 10 sec period of 
repetitive activit triggers the time base. The records were made using « directly coupled 

i i record 

to amplifier and the base line for each record is indicated by the horizontal line. The top 


was taken with the nerve in Locke’s solution, the middle record after soaking for 10 min ina 
of similar solution containing 0-2 mm DNP, and the bottom record 17 min after the nerve had 
5 - been restored to Locke’s solution. Frequency of stimulation, 50 shocks/sec; temperature, 
es, 31-2° C. 
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desheathed. Such an experiment is illustrated in Fig. 3. On one such prepara- 
tion the effect of varying the concentration of the DNP was tested: and it was 
found that 0-02 mu DNP had a just detectable effect and that 0-1 mm DNP 
abolished the hyperpolarization. These concentrations are the same as those 
which in the experiments of Hodgkin & Keynes (1955) produced threshold 
and maximal decreases in the active extrusion of sodium from Sema axons. 

The other metabolic inhibitors produced effects similar to those produced 
by DNP. No experiments were carried out to determine the threshold con- 
centrations of these other inhibitors, but it was found that the post-tetanic 
hyperpolarization was abolished, or nearly abolished by the following inhibitor 
concentrations: cyanide, 0-3-1 mm; iodoacetate, 1 mM; or azide, 3 mM. 

All the metabolic inhibitors tested not only abolished the post-tetanic 
hyperpolarization but also produced a fall in the resting potential. This 
depolarization was greater in preparations whose sheath was intact than in 
desheathed preparations. The explanation for the greater depolarization in 
the intact nerve trunk probably lies in the accumulation of potassium ions 
which have leaked out of the inside of the fibres into the external fluid. When 
the mechanism for the active extrusion of sodium ions has been poisoned by 
the inhibitor, these potassium ions cannot be re-absorbed: nor can they easily 
diffuse away in an intact nerve preparation because the nerve sheath is 
relatively impermeable to potassium ions. This impermeability is illustrated 
by the fact that potassium chloride applied to the outside of the nerve sheath 
takes more than 20 min to produce its full depolarizing effect at the nerve 
membrane. Accumulation of potassium ions in the extracellular fluid as a 
result of treatment with a metabolic inhibitor may, however, still occur to 
some extent even in a desheathed preparation where the fibres are continu- 
ously washed in running Locke’s solution. 


Ouabaine 

The effect of a glycoside on the post-tetanic hyperpolarization was tested 
because these drugs are likely to have a direct action on the active transport 
mechanism (Glynn, 1955). We used ouabaine, which has been shown to 
interfere with the sodium turn-over and potassium uptake in frog muscle 
(Matchett & Johnson, 1954; Edwards & Harris, 1957). It is not yet known how 
universal this effect is, although other glycosides cause a similar decrease of 
the sodium efflux and potassium influx in erythrocytes (Schatzmann, 1953; 
Glynn, 1955). In our experiments ouabaine (15 um) reversibly abolished the 
post-tetanic hyperpolarization and caused a depolarization, when it was 
applied to an intact nerve; on a desheathed bundle, however, it did not pro- 
duce any appreciable resting potential change, but again abolished the 
post-tetanic hyperpolarization. 
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Potassium tons 
The possibility that accumulation of potassium ions is involved in the 
changes produced by metabolic inhibitors in the post-tetanic hyperpolariza- 
tion required that the effects of altering the external potassium ion concentra- 
tion should be tested. Records from an experiment on a desheathed nerve 


0 


20 mV 


10 


10 sec 
Fig. 4. The effect of varying the external potassium ion concentration on the potentials recorded 
during and after a 10 sec period of repetitive stimulation of the non-medullated fibres in a 
desheathed bundle obtained from a rabbit’s cervical sympathetic trunk. The numbers at the 
side of each record indicate the concentrations of the potassium expressed as multiples of the 
concentration in Locke’s solution (5-6 mm). Frequency of stimulation, 15 shocks/sec; 
temperature, 30° C. 


bundle where the external potassium ion concentration was varied from zero 
to three times its concentration in Locke’s solution (5-6 mm) are shown in 
Fig. 4. It can be seen that both the size, and the time course, of the post- 
tetanic hyperpolarization are influenced by the external potassium ion 
concentration. In particular the rate of onset and the rate of decay of this 
phase are much slowed by the higher concentrations: on the other hand, in a 
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potassium-deficient solution the hyperpolarization is absent, or if present is 
- transient, and is replaced by a phase of depolarization. In Fig. 5 the membrane 
potential at the peak of the hyperpolarization is plotted against the potassium 
concentration (open circles). This figure also shows the variation of resting 
potential under these conditions (solid circles). 

The results show (a) that a post-tetanic hyperpolarization is obtained even 
with a comparatively high external potassium ion concentration (up to three 
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Membrane potential relative to resting 
potential in Locke's solution (mV) 


0 1-25 25 50 10-0 200 
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Fig. 5. The relation between the external potassium concentration and both the resting potential 
(@) and the potential at the peak of the post-tetanic hyperpolarization (©) recorded 
respectively before and after a 10 sec period of repetitive stimulation of the non-medullated 
fibres in a desheathed bundle obtained from a rabbit’s cervical sympathetic trunk: same 
experiment as in Fig. 4. 


times that in normal Locke’s solution, where some failure of conduction 
occurred), and (6) that with increasing potassium ion concentrations the 
character of the hyperpolarization changes, becoming slower to develop 
and taking longer to decay. On the other hand, the disappearance of the hyper- 
polarization following treatment of a desheathed nerve with a metabolic 
inhibitor never followed this pattern. With the concentrations of inhibitor 
used there was seldom more than a small decrease in spike height and there 
was no detectable increase in the duration of the hyperpolarization. Further- 
more, increasing the concentration of potassium chloride in the external fluid 
sufficiently to produce a depolarization greater than that subsequently produced 
by an amount of DNP which almost abolished the post-tetanic hyperpolariza- 
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tion, never more than slightly affected the amplitude of the post-tetanic 
hyperpolarization and always prolonged it. These differences in the effects of 
increasing the concentration of potassium in the external fluid and the effects 
of treating the nerve with DNP led us to conclude that it is extremely unlikely 
that the effect of DNP in abolishing the post-tetanic hyperpolarization of the 
nerve is mediated by the accumulation of potassium ions, but rather is a 
specific effect on some energy-requiring system. 

The most obvious candidate for such a system is the specific mechanism 
involved in extruding the sodium ions which enter the fibre during activity, 
for this system is known to be dependent on the presence of potassium ions in 
the external fluid and to be put out of action by metabolic inhibitors in con- 
centrations similar to those used above (Hodgkin & Keynes, 1955). 


Fig. 6. The effect of lithium on the post-tetanic hyperpolarization produced by a 10 sec period of 
repetitive stimulation of a desheathed bundle of non-medullated fibres of the rabbit’s cervical 
sympathetic trunk. The record on the left was taken with the bundle in Locke's solution, the 
middle record after soaking for 4 min in a modified solution where all the NaCl of Locke’s 
solution had been replaced by LiCl, and the record on the right 3 min after the bundle had 
been restored to Locke’s solution. The potentials were recorded with a directly coupled 
amplifier and the hyperpolarization produced by the lithium is indicated by the relative 
positions of the records. Frequency of stimulation, 15 shocks/sec; temperature, 30° C. 


Iithium ions 

The system which is involved is highly specific for sodium ions. Harris & 
Maizels (1951) have shown that lithium ions cannot be actively extruded from 
human erythrocytes, and recently Swan & Keynes (1956) found on amphibian 
muscle that lithium ions are pumped out much more slowly than sodium ions. 
On the other hand, lithium may replace sodium as far as the conduction of an 
action potential is concerned (Hodgkin & Katz, 1949; Gallego & Lorente de~ 
N6, 1951). We therefore studied the post-tetanic effects on a desheathed 
bundle of fibres bathed in a solution where all the sodium chloride had been 
replaced by lithium chloride. The striking results of such an experiment are 
illustrated in Fig. 6. Record (a) was obtained before, and record (b) 4 min after, 
the Locke’s solution bathing the preparation had been changed to a similar 
solution where all the sodium chloride had been replaced by lithium chloride. 
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The lithium ion caused an increase in the resting potential; in addition, the 
post-tetanic hyperpolarization no longer occurred but was replaced by a long- 
lasting phase of depolarization. When the preparations were left in the 
lithium solution for longer than a few minutes, particularly if meanwhile they 
were stimulated, the increase in the resting potential gave way to a decrease 
in the membrane potential. We found that it took several minutes for the 
lithium effect to be complete, about the same time as was required for the 
potassium effect to develop fully. But these time measurements were not very 


10 mV 


10 sec 

Fig. 7. The effect of lithium ions on the post-tetanic hyperpolarization produced by a 10 sec 
period of repetitive stimulation of a desheathed bundle of non-medullated fibres obtained 
from the rabbit’s cervical sympathetic trunk. The top record was taken before, and the 
middle and bottom records 3 and 5 min respectively after changing the bathing solution 
from Locke’s solution to one where all its NaCl had been replaced by LiCl. Frequency of 
stimulation, 15 shocks/sec; temperature, 30° C. 


accurate and most of this time was probably needed for the mixing of the 
solutions, which was slow because of the dead space in the apparatus. Fig. 7 
shows an intermediate stage, where the post-tetanic hyperpolarization had 
disappeared but was not yet replaced by the post-tetanic depolarization. In 
this figure the middle and bottom records were taken after the nerve had 
soaked for 3 and 5 min respectively in the lithium solution. 

When only part of the sodium chloride of Locke’s solution was replaced by 
lithium chloride the post-tetanic hyperpolarization was only partly abolished. 
Furthermore, the effect of lithium ions was rapidly reversed either when the 
lithium solution was replaced by Locke’s solution (Fig. 6c) or when some 
sodium chloride was added to the lithium solution (thus making the solution 
hypertonic). 
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Sodium tons 

Increasing the external sodium ion concentration by about 50° and thus 
making the solution hypertonic had no certain effect on the post-tetanic 
hyperpolarization: the amplitude of the hyperpolarization might have been 
somewhat reduced. On the other hand, decreasing the external sodium ion 
concentration regularly produced an increase in the resting potential and an 
increase in the duration of the post-tetanic hyperpolarization (Fig. 8). Sodium- 
deficient solutions were prepared by replacing about 80° of the sodium 
chloride of Locke’s solution either by iso-osmotic amounts of sucrose or by 
equivalent amounts of choline chloride. Both solutions produced the same 
effect and replacing one of the sodium-deficient solutions in the bathing fluid 
with the other had no effect. The record in Fig. 8 was taken with the nerve in 
the sucrose-sodium ¢hloride solution. 


10 sec 


Fig. 8. The effect of a reduced sodium ion concentration on the post-tetanic hyperpolarization 
produced by a 10 sec period of repetitive stimulation of a desheathed bundle of non-medul- 
lated fibres obtained from the rabbit’s cervical sympathetic trunk. The record on the left was 
taken before and that on the right 4 min after the Locke’s solution bathing the nerve had 
been replaced by a similar one where 80% of the sodium chloride had been replaced by an 
iso-osmotic amount of sucrose. The potentials were recorded with a directly coupled amplifier 
and the relative positions of the two records indicate the hyperpolarization produced by the 
sodium-deficient solution. Frequency of stimulation, 15 shocks/sec; temperature, 30° C. 


Other ions 

Varying the external concentration of the calcium ions in the bathing 
solution from normal (2-2 mM) to six times this amount had little effect on the 
post-tetanic hyperpolarization. 

There was no effect when the bathing solution was changed from Locke's 
solution to one where all the sodium chloride had been replaced by an equiva- 
lent amount of sodium nitrate. On the other hand, when the sodium chloride 
was replaced by sodium sulphate, the sodium ion concentration being kept 
constant, the height of the action potential was reduced and there was no 
post-tetanic hyperpolarization ; it is difficult to interpret such findings because 
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the sulphate solution also produced a very large depolarization of the mem- 
brane, and we found that a depolarization by an externally applied current, 
sufficient to reduce the size of the action potential by a similar amount, itself 
abolished the post-tetanic hyperpolarization. 


The effect of temperature 
Brown & Holmes (1956) showed that the post-tetanic enhancement of the 
action potential of the whole nerve depended on temperature. The post-tetanic 
hyperpolarization should also depend on temperature because this hyper- 
polarization is the underlying cause of the enhancement (Ritchie & Straub, 
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Fig. 9. The relation between the temperature and the size of the post-tetanic hyperpolarization 
produced by a 10 sec period of repetitive stimulation of a rabbit’s cervical sympathetic 
trunk with its sheath intact. The frequencies of stimulation were 50 shocks/sec (©) and 
15 shocks/sec (@). 


1956). We therefore tested the effect of a 10 sec tetanus at 50 shocks/sec at 
various temperatures. This frequency is near that found to be optimal in the 
experiments of Brown & Holmes. The relation obtained between the amplitude 
of the hyperpolarization and the temperature is shown by the open circles of 
Fig. 9. This curve is similar in shape to that obtained by Brown & Holmes 
(1956) for post-tetanic enhancement of the recorded action potential, the 
maximum effect in our as well as their experiments being obtained at a 
temperature of about 30-35° C. Some of the falling off of the post-tetanic 
hyperpolarization with decreasing temperature may have been due to the 
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fact that below 25° C there was failure of conduction, which increased pro- 
gressively as the temperature was lowered. When the frequency of stimulation 
was reduced from 50 to 15 shocks/sec no failure in conduction was observed 
above 20° C, but the magnitude of the hyperpolarization still decreased with 
decreasing temperature in this range (solid circles, Fig. 9). In such experi- 
ments, where the post-tetanic effects of two frequencies of stimulation could 
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Time at which peak of hyperpolarization is reached (0, msec; @, 10 msec) 
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Fig. 10. The relation between the temperature and the time at which the peak of the post-tetanic 
hyperpolarization is reached; same experiment as in Fig. 9. The frequencies of stimulation 
were 50 shocks/sec (©) and 15 shocks/sec (@). 


be compared, it was found that the maximum of the curve relating the post- 
tetanic effects to temperature occurred at a lower temperature for the lower 
frequency of stimulation. These findings were obtained both in whole nerve 
trunks and in desheathed preparations. 

Fig. 10 illustrates that the hyperpolarization took longer to develop the 
lower the temperature. In this figure the time at which the hyperpolarization 
reached its peak is plotted against temperature for the same experiment as 
illustrated in Fig. 9. | 
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The effect of frequency and duration of stimulation 

In some experiments the duration of the repetitive stimulation was varied 
between 1 and 40 sec and the frequency of stimulation between 3 and 50 shocks/ 
sec. The conclusions were: (1) that, whatever the frequency, stimulation had 
to be carried on for a certain minimal time of about 1 sec before any post- 
tetanic hyperpolarization was obtained; (2) that there was a frequency below 
which the nerve could be stimulated indefinitely without causing any 
appreciable post-tetanic hyperpolarization ; at 30° C this frequency was about 
6 shocks/sec; and (3) that there was a progressive addition of the negative 
after-potentials during a train of impulses, until finally a steady state was 
reached, during which the membrane potential immediately before the spike 
had a constant value; it was lower the higher the frequency of stimulation. 
At 6 shocks/sec the membrane potential returned to its original level before 
the next spike. 


DISCUSSION 


The fact that each of three different treatments of the nerve, namely exposure 
to a solution deficient in potassium ions, application of metabolic inhibitors, 
and treatment with the drug ouabaine, abolish the post-tetanic hyperpolariza- 
tion suggests that this depends on the efficient working of the specific 
mechanism for the active extrusion of intracellular sodium, for all three treat- 
ments are known to slow down or to stop this mechanism (Hodgkin & Keynes, 
1955; Edwards & Harris, 1957). In addition, the fact that the post-tetanic 
hyperpolarization is abolished when the sodium ions of the solutions are replaced 
by lithium ions again suggests that the post-tetanic hyperpolarization is 
caused by the active extrusion of the sodium ions which have entered during 
activity, because the lithium ions are not actively extruded, and there is no 
post-tetanic rise in the sodium efflux (Harris & Maizels, 1951; Swan & Keynes, 
1956). Furthermore, the post-tetanic hyperpolarization seems to be in- 
dependent of the anion concentration in the external fluid. 

We suggest the following hypothesis to explain how the post-tetanic hyper- 
polarization is produced. During a period of activity sodium ions enter the 
fibre and potassium ions leak out. These potassium ions are partly re-absorbed 
during the period of activity and partly diffuse away into the bulk of the 
solution. Diffusion, however, is not quick enough to prevent the concentration 
of potassium ions just outside the nerve membrane from rising. Such a rise 
has been shown by Frankenhaeuser & Hodgkin (1956) to occur in the squid 
giant axon and there is also evidence in our experiments to be discussed later 
(see p. 94) that it occurs in mammalian non-medullated fibres. At the end of 
the tetanus the nerve is left with a decreased internal concentration of 
potassium ions and an increased concentration of sodium ions. A first assump- 
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tion (see p. 95) is that the increase in this internal sodium ion concentration is 
large. Since the sodium pump when functioning tends to return the internal 
concentration of sodium ions to a resting value, this increased internal concentra- 
tion of sodium would be expected to produce a large increase in the rate of 
extrusion of sodium ions and consequently in the uptake of potassium ions 
from the external fluid. This has been shown by Hodgkin & Keynes (1956) who 
found that there was a direct proportionality between the internal concentra- 
tion of sodium ions and the sodium efflux, in experiments where sodium ions 
were injected into the axoplasm of squid axons; furthermore, the time lag to 
such stimulation of the sodium extrusion mechanism was short, less than a 
few seconds. The second assumption required for our explanation of the post- 
tetanic hyperpolarization is that the potassium ions in the fluid just outside 
the nerve membrane are taken up more rapidly than they are replaced by 
diffusion of potassium ions from the bulk of the solution because of some 
restraint to this diffusion, so that the concentration of potassium ions just 
outside the membrane falls below that in the bulk of the solution. The ratio of 
the concentrations of potassium ions inside and just outside the fibre rises in 
spite of the fact that the fibre has already lost some of its internal potassium 
during the activity. And this ratio is the iain factor determining the value 
of the resting potential (Goldman, 1943; Hodgkin & Katz, 1949). The resting 
potential rises and remains raised for as long as the sodium extrusion mechanism 
can maintain the decreased concentration of potassium just outside the fibre. 
In this way the post-tetanic hyperpolarization can be accounted for. 

Our hypothesis also accounts for the long-standing post-tetanic depolariza- 
tion which is obtained in the nerves bathed in solutions containing a metabolic 
inhibitor, or in which all the sodium chloride of the Locke’s solution has been 
replaced by lithium chloride, because in such solutions the potassium recovery 
mechanism does not work. Under these conditions, the internal potassium ion 
concentration after a period of repetitive activity is below what it was 
initially, but the external potassium ion concentration is unchanged or even 
temporarily slightly increased. This would result in a long-lasting post-tetanic 
depolarization. A similar argument accounts for the depolarization in potas- 
sium-free solutions where the potassium concentration outside the fibre 
cannot be further decreased. 

One consequence predicted by our hypothesis is that during the post-tetanic 
hyperpolarization the membrane potential should never exceed the resting 
potential obtained in a potassium-free solution. This was confirmed experi- 
mentally and is illustrated in Fig. 5. 

The tendency towards a post-tetanic depolarization will always be present 
even though it is usually masked and dominated by the tendency towards a 
post-tetanic hyperpolarization. The precise value of the membrane potential 
at any time after a tetanus is the result of the balance between these two 
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tendencies; and the potential may well have returned to near its resting value 
some time before the increased extrusion of sodium has done so. It is not easy 
to predict the exact time course of the post-tetanic hyperpolarization, but it is 
not unreasonable to assume that the faster the pump works, the more the 
phase of hyperpolarization will predominate. This might explain our findings 
that solutions containing high concentrations of potassium or solutions deficient 
in sodium ions prolonged the hyperpolarization because both solutions are 
known to stimulate the active sodium extrusion mechanism (Hodgkin & 
Keynes, 1955). 

The explanation of our results is thus in terms of an electrically neutral 
Na-K exchange pump and of a resting potential governed largely by the 
potassium ion concentration ratio, although an explanation might have been 
formulated in terms of an electrogenic Na-pump extruding a stream of charged 
Na ions and so tending to raise the membrane potential more the faster it 
worked. But there is little evidence for an electrogenic pump in nerve, whilst 
the existence of a neutral pump has been convincingly demonstrated by Hodg- 
kin & Keynes (1955). 

Furthermore, we have chosen to explain our results in terms of changes 
in ionic concentrations which occur during activity rather than in terms of 
permeability changes because we found it difficult to postulate a set of per- 
meability changes which cover all our results; and because if permeability 
changes are primarily responsible for the post-tetanic hyperpolarization it is dif- 
ficult to see why a hyperpolarization should be small or absent in medullated 
fibres except at much higher frequencies and completely absent in giant axons 
of the squid—unless, of course, the permeability changes in these other fibres 
are of a different order from those in the mammalian non-medullated fibres. 

The records of Fig. 4 suggest that during the tetanus a high potassium ion 
concentration builds up just outside the membrane, in a manner analogous to 
that described by Frankenhaeuser & Hodgkin (1956). Plotting the results as in 
Fig. 11 indicates that in the steady state the excess potassium concentration 
at 15 shocks/sec is 2-2 mm. This excess is maintained during the tetanus 
probably because of a diffusion barrier near the membrane. The peak of the 
post-tetanic hyperpolarization in Locke’s solution would fit with a concentra- 
tion deficit of 2-4 mm. As this is slightly larger than the excess, the peak net 
K influx during recovery would appear to be somewhat greater than the average 
net K efflux at 15 shocks/sec. Our finding that the height of the depolariza- 
tion which can be built up during a tetanus is dependent on the frequency of 
stimulation, as in the experiments of Frankenhaeuser & Hodgkin (1956), 
is a further confirmation of the existence of a diffusion barrier. Such a barrier 
could be the Schwann cell, or its membrane, which closely invests these non- 
medullated fibres (Gasser, 1955). It is interesting to note that in giant non- 
medullated nerve fibres of the squid no post-tetanic hyperpolarization has 
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been observed (Frankenhaeuser & Hodgkin, 1956), although this effect is very 
pronounced in the small mammalian non-medullated fibres. One reason why 
the mammalian fibres behave so differently may be their small size. Their 
greatest diameter is about 1 1 and some have a diameter of 0-2 (Gasser, 1955). 
The surface/volume ratio and the ionic changes during activity are relatively 


T 


Membrane potential relative to resting 
potential in Locke’s solution (mV) 


0 1-25 25 50 100 200 


External potassium concentration (mM) 

Fig. 11. The relation between the resting potential and the external potassium ion concentration 
at the membrane assuming this to be (——) the same as, and (— —) 2-2 mm higher than, that 
in the bulk of the external fluid. The solid circles obtained from the records of Fig. 4 show the 
membrane potential at the bottom of the spikes during the tetanus. 


much larger than in giant axons whose diameter is 200-5000 as big. Assuming 
the same ionic fluxes as in the squid fibres (4 pmole/cm? impulse, Hodgkin, 
1951), 150 impulses (10 sec at 15 shocks/sec) would increase the internal sodium 
concentration in a lu fibre by about 24 mm. In a 0-2, fibre the change in 
concentration would be 120 mm; in a giant fibre, on the other hand, no appreci- 
able change in the inside sodium concentration would occur for the same 
number of impulses. It is this large increase in the sodium concentration 
which produces the faster working of the sodium pump and the linked post- 
tetanic hyperpolarization. 


SUMMARY 

1. The membrane potential of mammalian non-medullated fibres was 
measured, before, during and after a period of repetitive activity. 

2. During the activity there is a maintained depolarization of the membrane. 
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3. After the end of stimulation the membrane potential rises above its 
initial resting value and then decays. 

4. The rates of onset and decay of this post-tetanic hyperpolarization are 
decreased by increased external potassium ion concentrations. 

5. The post-tetanic hyperpolarization is abolished in potassium-free 
solutions. 

6. It is abolished by metabolic inhibitors such as 2:4-dinitrophenol, azide, 
cyanide and iodoacetate; it is also abolished by the glycoside ouabaine. 

7. The post-tetanic hyperpolarization is abolished when the nerve is 
bathed in a solution where the sodium chloride has been replaced by lithium 
chloride. 

8. In sodium-deficient solutions the duration of the post-tetanic hyper- 
polarization is prolonged. 

9. The post-tetanic hyperpolarization is not affected by the concentration 
of chloride ions in the external fluid nor when the chloride ions are replaced 
by nitrate ions. | 

10. The amplitude and time course of the post-tetanic hyperpolarization 
vary with temperature. 

11. A hypothesis is put forward which explains our results in terms of 
changes in the concentrations of potassium and sodium ions during activity 
and after activity by the specific mechanism for the active extrusion of 
intracellular sodium ions. 
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RETENTION IN A WARM ENVIRONMENT OF ADAPTATION 
TO LOCALIZED COOLING 


By E. M. GLASER* anp G, C. WHITTOW 
From the Department of Physiology, University of Malaya, Singapore 


(Received 20 September 1956) 


There is experimental evidence that a significant increase of the blood flow to 
the skin and a diminution of the subjective sensations of cold are present in 
man after three days in a cold room (Glaser, 1949). These findings are not 
peculiar to artificial or short-term acclimatization because they were sup- 
ported by subsequent Arctic trials (Carlson, Burns, Holmes & Webb, 1953; 
Brown, Bird, Boag, Boag, Delahaye, Green, Hatcher & Page, 1954), and there 
is also an earlier finding that the skin temperature increased after four weeks 
in a moderately cool outdoor environment (Balke, Cremer, Kramer & Reichel, 
1944). The fact that the flow of blood to the skin can improve significantly 
after only three days in a cold environment makes it seem improbable that 
anatomical changes of the blood vessels are the underlying cause, and it was 
concluded that these adjustments were due, among other things, to changes of 
vasomotor control (Glaser, 1949) and to a non-specific central nervous 
mechanism of habituation (Glaser & Whittow, 1954). 

“Local acclimatization’ of the extremities to cold may also exist, but it 
consists largely of vasomotor changes and sensory improvement, so that it is 
not clear whether it differs from the adaptations to continued cooling of the 
whole body, which were described above. Yoshimura & lida (1952) have shown 
that immersion of both legs and feet in ice water for 15 or 30 min daily 
resulted after one month in a diminution of pain during cooling, but Voll (1940) 
had previously reported that such a diminished sensitivity to cold could be 
confined to one hand which had been repeatedly cooled, and Todd (1944) 
observed that the rise of blood pressure during immersion of a hand in water 
near freezing-point diminished if the same hand was immersed in cold water on 
successive days while the subjects were at room temperature. These findings 
suggest that persistent adaptation can be induced by localized cooling alone. 


* Present address: Department of Physiology, The London Hospital Medical College, 
London, E. 1. 
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In another context, however, Mackworth (1952) noted that sensory improve- 
ment in fingers which were repeatedly cooled for a number of weeks was 
confined to people living in a cold environment, so that localized cold stimuli 
could not have been its sole cause. Belding (1949) reported that Nova Scotia 
fishermen, whose hands had been continually exposed to cold, produced no 
increase Of the blood pressure during immersion of their hands in cold water, 
and cooling of the whole body may again have played a part in abolishing this 


response, but it seems possible also that the hands of these fishermen were cold _ | 


to begin with, so that, in theory, both their subjective sensations of cold (Wolf 
& Hardy, 1941) and the response of their blood pressure (Whittow, 1955) 
could have been diminished partly or wholly as a result of immediate, not of 
retained, adaptation. A further discrepancy is provided by the observations of 
Brown et al, (1954) that immersion of a limb in cold water produced a greater 
rise of the blood pressure in Eskimos than in people from the more temperate 
parts of Canada, although the subjective responses of Eskimos to cold were 
smaller than those of other Canadians. 

Since the available evidence allows no clear understanding of adaptation to 
localized cooling and no separation of adjustments to intermittent localized 
cooling from adjustments to continued cooling of the whole body, it was 
considered necessary to investigate this problem in the absence of any previous 
adaptation and while the rest of the body was not exposed to cold. Singapore © 
is at sea-level near the Equator, and the unfailing warmth of its climate and of 
its water supply seemed to provide the required safeguards. , 


METHODS 


Immersion of a hand in water near freezing-point was found to be a suitable method in some earlier 
investigations (see above) and the precautions needed to use this method for research have been 
established (Whittow, 1955), so it was chosen even though its value as a diagnostic clinical test is 
now in doubt (Wolff, 1951; Pickering, 1955). Adaptation of receptors to cold takes place in time 
of the order of seconds or fractions of seconds (Hensel, 1952), but the low conductivity of the 
tissues of the hand and the existence of a blood supply to the skin make it likely that in an intact 
limb immediate adaptation would require time of the order of 10 sec or of 1 min (Wolf & Hardy, 
1941; Hensel, 1952). Experimental demonstration of habituation in man usually requires time 
of the order of 1 day (Davis, 1934; Glaser & Whittow, 1954), but it was of interest to find out 
whether adaptation might be acquired and retained over shorter periods. It was decided, there- 
fore, to conduct tests at intervals of one minute, one hour, and one day. 

Procedures, Single experiments were performed on six Asians aged 20-23 years, and a series of 
tests was performed on two Europeans aged 25 and 42 years. All subjects were male and in good 
health, and none had any fear of the experiment. The Asian subjects had lived in or near Singapore 
throughout their lives, while the Europeans had not experienced cold weather for the preceding 
3 or 4 years respectively. 

In the experiment concerned with adjustments taking place in a single day, the right hand of 
three subjects was immersed in water at 4° C six times for periods of 60 sec at intervals of 60 sec 
and that of three subjects was similarly immersed ten times. Before and after this series of cold 
immersions, the other hand was immersed in cold water once for 60 sec, in order to show whether 
repeated cooling of one hand would alter the responses obtained from cooling the other. At the 
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end of the experiment, and 60 min after the last of its repeated cold immersions, the right hand 
was again immersed in cold water a single time, in order to find out whether any adaptation which 
may have been acquired persisted after 60 min and after the hand had been warmed up. In the 
experiment concerned with adjustments taking place over a number of days, two subjects immersed 
the right hand in cold water six times for 60 sec and at intervals of 60 sec on each of nine consecu- 
tive days. On the first and ninth day of the experiment the other hand was also immersed in cold 
water once for 60 sec. 

The subjects wore short cotton trousers only and they lay still on a stretcher of woven cane 
throughout each test and for at least 60 min beforehand. Before every cold immersion, or each 
series of cold immersions, the hand to be immersed was placed in a water-bath at 33-5° C for at 
least 20 min so that the skin temperature of the hand varied in different subjects by less than 0-5° C 
at the moment of immersion (Table 1). After each cold immersion, or series of cold immersions, 
the cooled hand was allowed to warm up in water at 33-5° C for at least 10 min before the other 
hand was cooled, so that no errors could be caused from coldness of the hand which was not being 
immersed. 

During each cold immersion the blood pressure was measured three times at 15, 35, and 55 sec 
and the heart rate was recorded continuously. The skin temperature of the immersed hand was 
also measured at 20 sec and 50sec during immersions, and in the intervals of 60 sec between 
repeated cold immersions. For 10 min before each single cold immersion, or each series of 
immersions, the blood pressure was measured once every minute and the heart rate and skin 
temperature were recorded at least every 5 min, but if the readings were not constant, the cold 
immersions were delayed until fluctuations ceased. The exact moment at which cold immersions 
were due was unknown to the subjects until all preliminary readings were complete. The sensa- 
tions of the subject were recorded during cold immersions at the instant when they were felt and 
reported. 

All tests were conducted at the same time of day in a constant temperature room which was 
kept at about the mean annual temperature of Singapore (dry bulb 28-29° C, wet bulb 24-26° C, 
air movement less than 6 m/min). Diurnal and seasonal variations of temperature in Singapore 
are within 6° C from the mean and the tap water is always at 24~-26° C. During any one test the 
corrected effective temperature (Bedford, 1948) was constant to 0-5° C. 

Techniques. All immersions were made in mechanically stirred thermostatically controlled 
water-baths at 4° C (+ 0-2) and at 33-5° C (40-1). The hands were always immersed to a circular 
line at the level of the styloid process of the radius, and during immersions a technician held the 
forearm to keep this level constant. The blood pressure was measured by a mercury sphygmo- 
manometer with auscultation of the brachial artery, the position of which had been previously 
marked on the skin, and all measurements from one subject were taken by the same person using 
the same sphyg ter. This method is quick and reliable if adequate precautions are 
taken, while its errors affect the absolute levels of blood pressure, rather than the magnitude of 
induced variations (Pickering, 1955). Direct methods of measuring the blood pressure are also 
liable to errors. Punctures of both brachial arteries would have caused further errors through fear 
among some of the subjects, and it would not have been feasible to do repeated punctures of the 
same arteries for several days consecutively. The heart rate was counted from electrocardiographic 
records obtained from leads which remained attached to the subjects throughout each test, so that 
the subjects did not know when records were taken. The skin temperatures were measured by 
welded thermocouples of 40 s.w.g. copper and constantan wires on the palm and on the finger in 
precisely defined points. The wires were fastened to the skin by a very thin layer of adhesive 
cellulose. The two thermocouples were placed in series so that rapid measurements of their mean 
temperature could be obtained, and the e.m.f. was read on a Cambridge vernier potentiometer 
with a sensitive Cambridge short-period galvanometer allowing accurate readings to at least 
0-02° C, which was less than required in the present experiments. In the experiment conducted 
over 9 days, the volume of the right index finger was measured daily in water by an overflow 
technique and weighing of the displaced water in order to find out whether there was any oedema 
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from cold injury; the error of this technique was less than 2% (Newling, P.S.B., unpublished). 
Except in the fifth and sixth test of the experiment lasting 9 days (see below), there were always 
four people collecting data or supervising procedures in carefully rehearsed team work with 
a minimum of spoken instructions. The timing was co-ordinated by a wall clock with a large 
seconds hand which could be seen by ail. 


RESULTS 
| Quick adjustments 
Table 1 gives the peak levels of the blood pressure and heart rate and the 
lowest levels of skin temperature of the hand for all subjects during the first, 
second and sixth cold immersions of the right hand, and of three subjects 
during the tenth immersion. Table 2 gives the statistical significance of the 
mean differences between these results. With the exception of one subject, the 
blood pressure reached a higher level during the second immersion than during 
the first, and the mean difference between the first and second immersions was 
significant for the systolic blood pressure, but it only approached statistical 
significance for the diastolic blood pressure (Table 2). From the second immer- 
sions onwards there was a steady decline of the highest level reached by the 
blood pressure during any one immersion (Fig. 1), and the systolic and diastolic 
blood pressures were frequently lower during the sixth immersion than during 
the first (Table 1), but the differences were not significant (Table 2). The 
decline of the systolic blood pressure between the second and sixth cold immer- 
sion was, however, highly significant, and that of the diastolic blood pressure was 
significant (Table 2). In the three subjects who immersed their right hand ten 
times the decline of the systolic blood pressure was also significant between the 
first and last immersion, in spite of the smaller number of subjects (Table 2). 

The heart rate always increased during the first of a series of immersions 
(Table 1), but the peak level of the heart rate declined sharply from the first 
to the second immersion and more slowly thereafter (Fig. 1, Table 1). Towards 
the end of serial immersions the heart rate remained at, or within 4 beats/min 
of, the initial level in five subjects. The decline between the first and second 
serial immersion was significant and that between the first and sixth was 
highly significant, but there were no significant changes after the second 
immersion (Table 2). 

The skin temperature declined sharply during the first immersion and more 
slowly thereafter (Table 1). Between ‘=mersions the temperature always rose 
by 4-0-8-2° C. Some evidence of a cold vasodilator response (Lewis, 1931; 
Greenfield & Shepherd, 1950) was obtained from a slight and progressive 
increase of the skin temperature during and between the later immersions, but 
this had no effect on the responses of the blood pressure and of the heart rate. 

Table 3 gives the results of the las wuld immersions of the right hand at the 
end of the tests after both hands had been warmed, and it also gives the results 
obtained during control immersions of the left hand. Since the initial levels of 
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the blood pressure and heart rate varied slightly before different immersions, 
these results are shown as percentage increases of the maximum rise of the 
blood pressure and heart rate above the initial levels. Comparisons between 
the first immersion of the right hand and a single immersion of the same hand 
60 min after its serial immersions suggested that the blood pressure rose less 
during cold immersions at the end than at the beginning of the experiment 
(cf. Tables 1 and 3), but these differences were not significant, although that of 
the diastolic blood pressure approached statistical significance (t=3-564; 
0:10 > P>0-05). That recovery of the responses obtained from the right hand 
was incomplete 60 min after repeated immersions of that hand, even though 


Tasie 1, Peak levels of the blood pressure and the heart rate and lowest levels of the skin 
temperature of the right hand during successive immersions of that hand in water at 4° C 
for periods of 60 sec at intervals of 60 sec 


First Sixth Tenth 
Subject Initial immersion immersion immersion immersion 


Systolic B.P. (mm Hg) GB 104 125 130 120 — 
TY lll 119 125 114 — 
TH 105 125 137 131 — 
SC 99 122 132 120 116 
HL 93 108 113 108 102 
CY 92 106 104 103 96 
Mean 100-7 117-5 123-5 116-0 104-7 
Diastolic 8.P. (mm Hg) GB 72 98 100 92 _ 
TY 80 95 100 96 _ 
TH 68 98 102 6 —_ 
SC 61 82 86 71 70 
HL 60 75 90 76 73 
CY 60 72 70 70 67 
Mean 66-8 86-7 91:3 83-5 70 
Heart rate (beats/min) GB 66 95 83 80 _ 
TY 84 87 80 80 — 
TH 66 76 69 69 _ 
8c 68 85 76 72 72 
HL 62 68 71 64 61 
CY 80 83 79 80 77 
Mean 71-0 82-3 76-3 74-2 70 
Mean skin temp. of GB 33-3 13-2 10-7 7-2 — 
immersed hand TY 33-3 12-0 9-5 9-0 
(2 points) (° C) TH 33:8 9-4 7-7 70 — 
SC 7 10-1 7-4 6-0 8-0 
HL 33-6 10-6 8-1 7-2 8-7 
CY 33-8 12-3 9-0 7-6 8:3 
Mean: 33-6 11:3 8-7 73 8-1 


TABLE 2. Statistical significance of the results given in Table 1. 
(Calculated by Fisher's ‘¢’ test) 
Systolic B.P. Diastolic B.P. Heart rate 
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both hands had been warmed, is further indicated by a comparison of the last 
immersion of the left hand with the last immersion of the right hand (Table 3), 
because the rise of the systolic blood pressure of the left hand (which had only 
been immersed once before), was invariably greater than that of the right hand 
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Fig. 1. Maximum rise of B.P. and heart rate during immersions of the same hand in water at 4° C 
for 60 sec at intervals of 60sec. Three subjects immersed the hand six times and three 
subjects ten times. ©, systolic B.P.; @, diastolic B.P.; x, heart rate. 


TaBLe 3. Responses to control immersion of the left hand in water at 4° C before and after serial 
immersions of the right hand, and responses to cold immersion of the right hand 60 min after 
its serial immersions. All immersions lasted for 60 sec 


Left hand 
After Right hand 
at end of 

Subject of right hand of right hand experiment 
Rise of systolic B.P. (%) GB 23-3 23-6 16-5 
% TY 12-1 12-0 10-1 
TH 12-1 23-9 17-8 
SC — 14-4 11-0 
HL 15-4 20-0 14-1 
CY 13-9 14-0 10-8 
Mean 15-4 18-0 13-4 
Rise of diastolic B.P. (%) GB 48-6 34-2 26-8 
11-8 20-5 19-5 
TH 31-3 40-6 41-2 
SC — 59-4 31-8 
HL 40-7 24-6 24-6 
CY 11-8 17-2 14-1 
Mean 32-8 26-3 
Rise of heart rate (%) GB 19-1 19-7 23-5 


TH 27:3 28-3 22-6 | 
SC 21-2 13-2 19-7 
HL 0 24-1 15-0 ; 
CY 2-2 6-8 4-1 
Mean 128 14-4 13-2 
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(which had been immersed 6 or 10 times), and the difference was highly 
significant (t=5-511; 0-01>P>0-001). When the right hand was immersed 
1 hr after its serial immersions, the mean rise of the heart rate was less than 
during the first immersion of that hand and also less than during the second 
control immersion of the left hand, but the differences were not significant. 
A comparison of the results obtained during control immersions of the left hand 
(Table 3) and during the first immersion of the right hand (Table 1) suggests 
that only random variations were observed and that the responses of the 
blood pressure and heart rate obtained from the left hand were not diminished 
by repeated immersions of the other hand. During the single immersion of the 
right hand at the end of the experiment, the mean fall of the skin temperature 
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Fig. 2. Day-to-day changes of the maximum rise of 8.P. during immersions of the same hand in 
water at 4° C six times daily for 60 sec at intervals of 60 sec; mean of two subjects: x, base 
level, hand warm: @, first immersion of day; O, sixth immersion of day. 


was slightly greater than during the initial immersions of that hand or during 
the control immersions of the left hand, so that the diminished responses 
during that final immersion of the right hand were not due to an improved 
blood flow. 

Although both subjects immersed their hands six times daily on nine 
successive days, as described above, detailed measurements could not be made 
on the fifth and sixth day of the experiment because technical assistance was 
inadequate over the week-ends. 

Fig. 2 shows that there were some day-to-day variations of the initial level 
of the blood pressure and that the day-to-day changes of the blood pressure 
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during cold immersions were not linear, but the response of the systolic and 
diastolic blood pressure to cooling of the right hand showed a gradual 
decline, both when comparisons were made between the first and between the 
last immersions on different days, which confirms the findings of Todd (1944). 
The responses of heart rate showed a similar decline, and there was little or no 
increase of the blood pressure and no increase of the heart rate during cold 
immersions of the right hand in the last tests on the final day (Table 4). On the 
last days of the experiment the resting level of the blood pressure and the 
diastolic pressor response during cooling showed a slight tendency to rise, and 
this conforms with previous observations that increased responses are possible 
TaBLE 4, Responses to cold immersions of both hands before and after the right hand was 


immersed in water at 4° C six times daily for periods of 60 sec at intervals of 60 sec for nine 
days. (The left hand was only immersed once on the first day and once on the ninth) 


First First Sixth Left hand 
immersion ; ; 

Subject day 1 day 9 day 9 Day 1 Day 9 
Rise of systolic G 24-1 1:8 -0-9 18-9 20-0 
(%) 39-3 18-6 1-6 29-8 33-3 
Mean 31-7 10-2 3-3 24-4 26-7 
Rise of diastolicn.r. 58-0 16-2 68 36-5 31-8 
(%) WwW 39-2 20-8 7:8 35-9 35-8 
Mean 48-6 18-5 73 36-2 33-8 
Rise of heart rate G 20-3 12-5 0 18-8 25-0 
WwW 17-6 10-0 0 20-6 21:3 
Mean 19-0 11-3 0 19-7 23-2 


in lengthy experiments if the subjects know that the experiment is about to 
end (Glaser, 1953). Notwithstanding this and the small number of observa- 
tions, there were significant diminutions of the responses obtained from the 
right hand which had been repeatedly immersed. Thus, the mean of the maxi- 
mum increase of the systolic blood pressure during immersion of the right hand 
was significantly lower during the first immersion on the ninth day than during 
the first immersion of the same hand on the first day (t = 26-904; 0-05 > P > 0-02). 
The highest response of the heart rate was also significantly lower during the 
first immersion of the right hand on the ninth than on the first day (¢=77-212; 
0-01>P>0-001), but the diminution of the responses of the diastolic blood 
pressure was not significant (¢=2°571; 0:3>P>0-2). The response of the 
diastolic blood pressure was significantly lower, however, during the first 
immersion of the right hand on the ninth day than during the single immersion 
of the control hand on the same day (¢=51-024; 0-02> P>0-01), which sug- 
gests that there was a true decrease of the diastolic pressor response in the hand 
which had been repeatedly immersed. 

When all the results obtained during the first daily immersions of the right 
hand were compared with the resvlts obtained during the sixth immersions, 
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the responses were found to be significantly higher for the first immersions 
with regard to the systolic blood pressure (¢=5-616; P< 0-001), the diastolic 
blood pressure (t=6-667; 0-01>P>0-001) and the heart rate (¢=3-928; 
0-01>P>0-001). The results obtained during the two immersions of the left 
hand (Table 4) showed no consistent trends and they permit the conclusion 
that only random variations were observed between the results of these two 
immersions and those of the first immersion of the right hand on the first day 
of the experiment. 

At the end of the experiment the skin temperature of the right hand was 
unchanged before immersions and it approximated that of the left hand to 
within 0-1° C in both subjects, which suggests that repeated cooling caused no 
persistent vascular changes. During the first immersion of the right hand on 
the last day of the experiment, a greater fall of the skin temperature was 
recorded in both subjects than during control immersions of the left hand on 
the same day, or during initial immersions of the same hand on the first day. 
It cannot be said whether this is evidence of improved vasomotor adaptability 
(Glaser, 1949), but it means that the diminished responses obtained from the 
right hand at the end of the experiment were not due to an increased blood 
flow in that hand. The finger volume only showed random variations of less 
than 3%, which suggests that no oedema and no cold injury were caused by 
the experiment. The absence of cold injury is further borne out by the absence 
of persistent pain after immersions, apart from mild _ pains or shooting 
pains during the first five days. 


Subjective sensations 

At the instant of immersion of a hand there was a sudden cold sensation, but 
this was often replaced by a sensation of warmthif the hand had been previously 
immersed several times on the same day. Most subjects also reported a feeling 
of numbness at the end of immersions or after repeated immersions. The 
intensity of pain appeared to vary among the subjects, but initially all cold 
immersions were very painful. There were two distinct types of pain, the first 
appearing earlier and consisting of a sharp sensation in the skin, the second 
appearing later during the immersion and consisting of intense pain deep in 
the joints, as if the hand was being crushed in a very cold vice. This latter 
sensation became very much more severe towards the end of a single or 
initial cold immersion, with fairly sudden changes of its severity, so that these 
changes could be reported. Although the subjects often referred to the last 
phase of pain as ‘unbearable’, there is no subjective or objective evidence that 
they would have withdrawn their hands from the cold bath if a technician had 
not been holding their arms. 

In all experiments the pain tended to diminish in the course of repeated 
immersions of the same hand on the same day (Tables 5 and 6), but there was 
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often an occasional increase of pain in the second or third serial immersion on 
a single day (Table 5). Beyond the fifth immersion of the same hand on any 
one day, deep-seated pain was never reported. After a hand had been im- 
mersed repeatedly for several days, the initial immersions on subsequent days 
also became less painful (Table 6), which conforms to the findings of Yoshimura 
& Iida (1952). In both experiments the diminution first consisted of a delay in 
the onset of each kind of pain and then a gradual disappearance of the more 


TaBLE 5, Subjective sensations during repeated cold immersions in water at 4° C for 60 sec. All 
results refer to the number of seconds after immersion of the hand when sensations were first 
reported. (Subject SC) 


Control 
immersions Right 
Serial immersions of right hand oflefthand hand 
Pain 1 2 3 4 5 6 7 8 ae 2 60min 
Superficial 7 5 10 10 1 — 5 10 
Deep 6b 10 GB — — 20 


TABLE 6. Subjective sensations during repeated cold immersions. The right hand was immersed in 
water at 4° C six times daily for nine days for periods of 60 sec at intervals of 60 sec. The left 
hand was only immersed once on the first day and once on the ninth. All results refer to the 
numbers of seconds after immersion of the hand when sensations were first reported. 
(Subject G) 


Immersions of right hand 
‘Day 1 Day 9 Left hand 
Pain 1 2 3 4 5 6 1 2 3 4 5 6 Day9 
Superficial 10 2 2 2% 2% — — — 10 
Deep 20 46 86 6 => 25 


severe types of pain. There was no loss of pain in any control immersions of the 
left hand, which confirms the findings of Voll (1940), but 60 min after serial 
immersions of the right hand the pain had returned in all six subjects. This 
means that changes of the circulatory responses to cold immersions and of the 
subjective sensations of pain were not strictly correlated, and such a conclu- 
sion has been drawn before (Whittow, 1955). 


DISCUSSION 


The present experiments have shown five things. There can be a significant 
diminution of the general circulatory responses to localized cooling and aboli- 
tion of pain if a hand is repeatedly cooled at intervals of 1 min. A significant 
diminution of the general circulatory responses to localized cooling can be 
retained over intervals of 1 h and 1 day. A diminished sensitivity to pain can 
persist over intervals of 1 day. The retention of adaptation to local cooling is 
possible without any cooling of the whole body. Retained adaptations of the 
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circulation and of subjective sensations can be confined to responses from one 
hand which had been repeatedly cooled. 

The slight delay before maximal responses of the blood pressure were 
obtained during immersions of a hand in cold water (Fig. 1 and Table 1) 
corresponds to earlier findings (Thacker, 1940; Wolff, 1951) and reasons have 
been given above why this should happen. The diminution of pain and of 
general circulatory responses after repeated immersions at intervals of 60 sec 
must have been largely of peripheral origin, and due to adaptation of the 
peripheral receptors, or to a progressive diminution of the temperature 
gradient as the hand became colder (Wolf & Hardy, 1941; Hensel, 1952), but 
retention of information by the central nervous ears may also have played 
some part in it (see below). 

The diminution of the objective and subjective responses observed in the 
absence of continuous excitation after 1 hr and after a number of days must 
have been of central nervous origin, and the finding that adaptations were 
confined to responses from the hand which was repeatedly cooled does not 
exclude this possibility, because cutaneous sensations have unilateral repre- 
sentation in the higher centres of the brain (Ruch, 1949). No other explanation 
can be accepted. The results could not have been due to superficial vascular 
changes in the hand which was repeatedly immersed in cold water (see above). 
There was no evidence of peripheral nerve injury or of the retention of tissue 
fluids. Sensations of pain did not diminish at the same rate as the rise of the 
blood pressure and of the heart rate, and there was no correlation between the 
circulatory responses and pain, so that the present results could not have been 
due to changes in the production or destruction of histamine in the hand 
which had been repeatedly cooled. Adaptations were.confined to one hand, 
when both hands had been warmed up in a water-bath, and this excludes the 
possibility that the diminished responses 1 hr after repeated cold immersions 
were caused by a persistent lowering of the deep or superficial body tempera- 
ture, resulting from previous cooling of the hands. The present findings were 
concerned with the gradual diminution of physiological responses, and neither 
the retention of adaptation, nor the time intervals over which adaptations 
were observed, nor their limitation to impulses arising from the hand which 
had been repeatedly cooled, can be explained in terms of the general adapta- 
tion syndrome (Selye, 1950). All the evidence obtained in the present investi- 
gation is compatible, however, with the conclusion that the retention of 
adaptation was due to habituation, a non-specific and reversible central 
nervous mechanism, probably of cerebral origin, which was claimed to super- 
impose its pattern on all kinds of slow adaptations (Glaser & Whittow, 1953, 
1954). Habituation must ultimately depend on the storage of information 
which in turn may be due to plastic changes at synapses, whereby synaptic 
transmission is reinforced by use and depressed by disuse (Eccles, 1953), so 
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that it is reasonable to conclude that habituation may be a manifestation of 
central nervous plasticity. 

This conclusion does not go beyond existing hypotheses, because it has been 
suggested that plasticity is a general property of synapses which may follow 
upon varying patterns of afferent input and which may be particularly highly 
developed in the cerebral cortex (Eccles, 1953), while the suppression of normal 
responses has been previously claimed to be a manifestation of central nervous 
plasticity (Young, 1951). Indeed, the patterns of adaptation observed in the 
present experiment bear a striking resemblance to those recorded by Young 
(1951) in an intact octopus learning to avoid an electric shock. This means that 
habituation and learning may have a common physiological basis; but habitua- 
tion differs from conditioned reflexes because it is not limited to reflex 
responses (Glaser & Whittow, 1954) and it involves no substitution of stimuli. 

Discrepancies between the rates of adaptation of the blood pressure, the 
heart rate and pain observed in the present experiment do not weaken the 
above conclusions, because it cannot be postulated that plastic changes in the 
central nervous system must all take place at exactly the same speed (Young 
1951; Eecles, 1953), and because there is evidence that habituations to different 
stimuli, or to similar stimuli of different strength, may progress at varying 
rates and independently from one another, according to the character and 
intensity of stimulation; while existing habituations may be inhibited inde- 
pendently from each other (Glaser, 1953; Glaser & Whittow, 1954; Hood & 
Pfaltz, 1954; Glaser & Newling, 1955). Differences in the rates of habituation 
could, indeed, account for some of the discrepancies between previous findings 
concerning ‘local acclimatization’ (see above). Other discrepancies, such as 
those noted by Brown et al, (1954) between Europeans and Eskimos, or the 
anomalous findings at the end of a prolonged experiment in the present 
investigation (Fig. 2) could have been due to the fact that habituation can be 
modified by changes of interest (Glaser, 1953; Glaser & Whittow, 1954), the 
basis of which may have been the reinforcement of plastic changes by the 
replaying of specific reverberating spatio-temporal patterns in the brain 
(Eccles, 1953). It seems probable also that previous evidence about the 
multiplication of responses by drive (Hull, 1949) and the influence of anxiety 
(Wolff, 1951) or attentiveness (Hensel, 1952) upon vasomotor responses, all 
refer to such reinforcement of plastic changes. 

Synaptic changes could not only provide a basis for earlier claims about the 
participation of habituation in acclimatization (Glaser & Whittow, 1954), but 
they could also explain why frequent changes of environmental temperature 
enhapve the facility of thermal adaptation and how it is that acclimatization 
to heat and to cold are partly due to the same vasomotor mechanisms acting 
in opposite directions (Glaser, 1949). Thus it seems possible that a single 
central nervous mechanism plays an important part both in generalized and 


e 
). 
e 
e 
n ] 
1, 
1S 
e 
8 4 
h 
i- 
of 4 
al 
r- 7 
3, 
ic 
80 


110 E. M. GLASER AND G. C. WHITTOW 


localized adaptations to changes of temperature, at any rate as far as sensory 
and circulatory responses are concerned. Whether other slow responses to 
a changed environmental temperature, such as endocrine changes (MacGregor 
& Loh, 1941; Butson, 1949; Sellers & You, 1950) changes of the amount, 
composition and distribution of blood in the body (Spealman, Newton & Post, 
1947; Glaser, 1949), or changes of sweat production (Hellon, Jones, Mac- 
pherson & Weiner, 1956), also depend to some extent on habituation, and 
therefore on plastic changes in the central nervous system, is at present no 
more than a possibility which will require further experimental investigation. 


SUMMARY 


1. The rise of the blood pressure and heart rate during localized cooling was 

significantly diminished and the pain of cooling abolished by repeated immer- 
sions of one hand in water at 4° C for 60 sec at intervals of 60 sec. A significant 
diminution of the rise of the blood pressure during cooling of the hand per- 
sisted one hour after such repeated immersions, even though the hand and 
the whole body had been kept warm in the meanwhile. 

2. After such repeated immersions of one hand, without any cooling of the 
rest of the body, for a number of days, a lessening of pain and a significant 
diminution of the rise of the blood pressure and heart rate during cooling of the 
hand persisted over intervals of 24 hr. 

3. All adaptations were confined to responses from the hand which had been 
repeatedly cooled. 

4. It was concluded that retained localized adaptations to cold are due to 
habituation which also plays an important part in acclimatization to generalized 
changes of temperature, and which is a manifestation of central nervous 
plasticity. 


We are indebted to Mr P. 8. B. Newling for the method by which the finger volume was estimated. 
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SOME OBSERVATIONS ON PULMONARY HAEMODYNAMICS 
IN THE CAT 


By 8. D. CARLILL, HELEN N. DUKE anp MURIEL JONES 
From The Royal Free Hospital School of Medicine, London, W.C. 1 


(Received 2 October 1956) 


The fact that pulmonary arterial pressure alters very little with considerable 
changes in cardiac output makes pulmonary haemodynamics an interesting 
study. It has a practical importance in that the blood leaving the lungs 
controls the input to the left auricle and thus the output of the left ventricle; 
furthermore, the pulmonary vascular bed has been considered to act as a blood 
reservoir (Hamilton & Morgan, 1932; Lagerléf, Eliasch, Werké & Berglund 
1951). Pressure-flow curves combined with measurements of changes in 
pulmonary blood volume form a means of investigating the behaviour of the 
pulmonary blood vessels under changing conditions. 

Studies of this nature have been made in isolated perfused lungs of dogs by 
Laux (1930), Daly (1928, 1938), Wezler & Sinn (1953), by Jarisch & van 
Wijngaarden (1926) in cats and by Wagner (1928) in rabbits. More recently 
Williams (1954), Edwards (1951), Ochsner (1952), Hall (1953), and Borst, 
McGregor, Whittenberger & Berglund (1956) have performed similar experi- 
ments on perfused lung lobes in anaesthetized dogs. 

Since information on the pulmonary circulation in cats appears to be scanty 
it was thought justifiable to perform more experiments. Isolated lungs were 
chosen as test preparations because of the difficulties involved in making 
measurements in the whole animal. 


METHODS 
Isolated lungs from cats (1-8-4-0kg) were perfused through the pulmonary artery with the animal's 
own heparinized blood (Liquemin, Roche, 1000 u./100 ml.), using a Dale-Schuster pump (48 rev/min). 
The blood was collected under chloralose anaesthesia (0-1 g/kg intraperitoneally) and sometimes 
10-30 ml. dextran (Intradex, Glaxo) was added to it to make sufficient volume. The venous 
outflow was collected from the left auricle into a reservoir which fed the pump. Ventilation was by 
positive pressure using a Starling ‘Ideal’ pump (15 rev/min). The maximum intratracheal pressure 
was kept constant at 5-10 cm H,O during an experiment, and changes in the volume of air 
entering the lungs were measured by the method of Konzett & Réssler (1940). Pulmonary 
arterial pressures were read on a manometer filled with 0-9% NaCl solution and recorded by 
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a tambour attached to the pulmonary arterial tubing by a T piece. Left auricular pressures were 
also read on 4 manometer and recorded by a small volume recorder attached to the open end of the 
manometer, The manometer zeros were adjusted so that they lay approximately 2 cm posterior 
to the mitral valve, Changes in pulmonary arterial blood flow were made by adjusting the setting 
of the Dale-Schuster pump. Pulmonary arterial inflows over 500 ml./min were obtained by using 
two pumps in parallel or by increasing the number of revolutions of the pump per minute. The 
output of the pump was calibrated with saline before the experiment and with the perfusate after 
the experiment. The calibrations were checked during the earlier experiments by collecting the 
outflow from the left auricle for a known time at each different setting of the pump. 
Pulmonary arterial and left auricular pressures were read over a period of about $ min when 
they were judged to be stable; this was usually }~-1 min after changing the output of the pump. 
The pressures were recorded as the arithmetic mean of the highest systolic and lowest diastolic 
value read over this period. The left auricular pressure usually remained unchanged when the 
arterial inflow rate was altered. 

The pressure drop across the pulmonary vascular bed was calculated as the pulmonary arterial 
minus the left auricular pressure in cm 0-9% NaCl solution. The ratio of this pressure drop to the 
rate of flow (ml./min) has been used as a measure of the resistance of the vascular bed. When 
changes were made in the left auricular pressure the venous reservoir was arranged so that it 
could be raised to one of three predetermined levels and readings of pulmonary arterial and left 
auricular pressures were made at each level of the reservoir for each setting of the Dale-Schuster 
pump. 

Changes in the volume of blood in the perfused blood vessels were measured by recording 
changes in the volume of blood in the venous reservoir, This indicates inverse changes in lung 
blood volume (Daly, 1938). The records were corrected for changes due to variation in the volume 
of perfusate in the pressure recording apparatus. An estimate of the absolute amount of blood in 
the pulmonary vascular bed was made in a few experiments. Plasma concentrations of injected 
Evans blue dye were measured colorimetrically and the total amount of blood in the perfusion 
system was calculated from these and the haematocrit. The amount of blood in the lungs was 
found by subtracting from these figures the volume of blood in the pump, venous reservoir and 


recording apparatus. 
RESULTS 

Pressure-flow relationship. Forty experiments were performed in which the 
pulmonary arterial inflow was varied from 0 to 900 ml./min, but because 
variations in the conditions of the lungs were found to exert an influence on the 
shape of the curves not all ranges of flow were tried in each experiment. Fig. 1 
shows pressure-flow curves found in three separate experiments for flows 
below 250 ml./min. The pressure drop across the lungs has an almost linear 
relationship to the pulmonary arterial inflow for flows above 10-30 ml./min; 
below this the curve is concave to the flow axis. Increasing the inflow from 
approximately 100 to 200 ml./min increases the pressure gradient from 17-5 to 
25 em 0-9% NaCl solution; further increments of flow up to 900 ml./min had 
no apparent effect on the linearity of the pressure-flow relationship. 

A variation in the rate of pulmonary arterial inflow of less than about 
40 ml./min produced an almost immediate stabilization of the pressure at a new 
level. When the inflow rate was considerably increased the pulmonary arterial 
pressure took 1-2 min to reach stabilization, during which time it fell 1-2 cm 


from the new level. The reverse changes occurred when the inflow rate was 
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considerably decreased. Several experiments were performed in which pres- 
sure-flow curves were constructed during increase of flow and subsequently 
during decrease of flow. For the same rate of inflow the pressure was 1-2 cm 
lower during the second determination. 


4 


P.A.p.—L.A.p. (cm saline) 


Fig. 1. Pressure-flow curves obtained in three separate experiments on isolated perfused cat 

_ lungs. In this and in subsequent figures: Flow=pulmonary arterial inflow ml./min; 

P.A.p.=pulmonary arterial pressure; L.A.p.=left auricular pressure. @, Expt. 7; O, 
Expt. 9; x, Expt. 11. 


Other factors which were found to exert an influence on the absolute values 
obtained were the age of the preparation and the state of ventilation of the 
lungs. Pressure-flow curves repeated on the same preparation at intervals 
showed that the greater the age of the preparation the higher the pressure at 
equivalent flows, and that the concavity towards the flow axis became more 
pronounced. 

The effect of ventilation of the lungs on the pressure-flow relationship is seen 
in Fig. 2. When the lungs were held in the inflated position the pressure-flow 
curve is shifted towards the right and when the lungs were held in the fully 
deflated position the pressure-flow curve is shifted to the left. Similar results 
were obtained in two other experiments. 

The pressure-flow curves could be extrapolated to intercept the pressure 
axis at a positive pressure; this may be the ‘critical closing pressure’ (Burton, 
1950). In ten experiments in which the lowest flow was below 20 ml./min 
extrapolation of the curve to zero flow gave results which are summarized 
in Table 1. The mean critical closing pressure was 4-6 cm saline. 

Repetition of the pressure-flow curve after replacement of the perfusate 
with 0-9% NaCl solution was done in two experiments, one of which is shown 
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in Fig. 3. It was found that the shape of the curve obtained with saline was 
very similar to that obtained with blood but that the curve with saline was 
shifted towards the left. Changes in the haematocrit of the perfusate were not 
measured during an experiment but the similarity of the curves obtained with 
blood and saline make it unlikely that these would be of importance under the 
experimental conditions described. 


7 


1 
} 
| ® 
170 15 20 25 5 
P.A.p.—L.A.p. (cm saline) P.A.p.—L.A.p. (cm saline) 
Fig. 2 Fig. 3 


Fig. 2. Pressure-flow curves obtained on the same preparation. @, Lungs rhythmically inflated ; 
@, lungs deflated; O, lungs inflated. 

Fig. 3. Pressure-flow curves obtained on the same preparation before and after replacement of 
the blood used as the perfusate with 0-9% NaCl solution. ©, Blood; @, saline. 


The ‘critical closing pressure’ (c.c.p.) 
of the pulmonary vascular bed 
C.0.p. 
Lowest flow (cm 0-9% 
Expt. no. (ml./min) NaCl/solution) 
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Resistance-flow relationship. Plotting the ratio pressure-drop/flow rate 
against flow rate shows that the apparent resistance of the pulmonary vascular 
bed was low at high rates of flow. It increased slightly as flow was diminished 
from 900 ml./min to 30-40 ml./min, but thereafter increased markedly as flow 
was further decreased (Fig. 4). 
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Fig. 4. Flow resistance curves on three preparations. @, Expt. 7; O, Expt. 33; x, Expt. 9. 
Resistance of pulmonary vascular bed = 


Lung blood volume-flow relationship. The change in lung blood volume 
plotted from an arbitrary initial zero with variations in pulmonary arterial 
inflow is shown in Figs. 5 and 6. The volume increments per unit increase of 
flow tended to be larger in the lower ranges of pulmonary arterial inflow, 
especially when the pulmonary arterial inflow was less than 50 ml./min 
(Fig. 5). For rates of pulmonary arterial inflow above 80—100 ml./min the 
volume increase and flow rate have an almost linear relationship (Fig. 6). This 
linearity was continued up to flow rates of 680 ml./min. For flow rates above 
50 ml./min an increase of pulmonary arterial inflow of 100 ee caused an 
increase of lung blood volume of about 2 ml. 

Estimations of the absolute amount of blood in the vascular bed between 
pulmonary artery and left auricle were made in four experiments using Evans 
Blue. The results are summarized in Table 2. In cats of 2-4~3-8 kg the lung 
blood volume was 15-25 ml. at pulmonary arterial inflows of 106-234 ml./min. 

The effect of variation in left auricular pressure. Increase in left auricular 
pressure displaced the pressure-flow curve towards the left, so that the higher 
the left auricular pressure the lower the pressure drop across the pulmonary 
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vascular bed. The concavity towards the flow axis at low rates of flow was 
absent or much diminished when the left auricular pressure was greater than 
10cm 0-9% NaCl solution. The results from one experiment are shown in 
Fig. 7. In this figure the pulmonary arterial pressure has been used as the 
ordinate instead of the pressure difference in order to separate the curves. 
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L.B.V increase (ml.) L.B.V. increase (ml.) 
Fig. 5 Fig. 6 
Fig. 5. The effect of changing the pulmonary arterial blood flow on the lung blood volume in 
experiments: low flow rates. L.B.V.=lung blood volume increase from an arbitrary 
initial zero; O, Expt. 26; x, Expt. 27; ©, Expt. 34. 
Fig. 6. The effect of changing the pulmonary arterial blood flow on the lung blood volume in five 
experiments: high flow rates. @, Expt. 23; O, Expt. 24; x, Expt. 30; A, Expt. 32; 
&, Expt. 33. 
Tasix 2. Lung blood volume of isolated cats’ lungs 


Time from 
beginning of 
Weight Lung blood perfusion to 
No. of of cat vol. inati 
expt. (kg) (ml.) (ml./min) (min) 
30 2-7 25-0 234 53 
28 3-8 15-0 172 80 
38 3-75 23-0 108 22 
36 2-4 5-0 106 30 


The effect of increased tone of the pulmonary blood vessels. Inhalation of N, to 
produce maximum increase of pulmonary vascular resistance or injection 
of supramaximal doses of adrenaline into the pulmonary artery during vent- 
ilation with air were investigated. The results of a typical experiment are 
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shown in Fig. 8. Adrenaline and nitrogen both displaced the pressure-flow 
curve towards the right. One other similar experiment was done and similar 
results were obtained. It is interesting that the effects of N, were more 
pronounced than those of supramaximal doses of adrenaline in both these 
experiments. Adrenaline was studied separately in six experiments, in five of 
which the pressure-flow curve was displaced to the right and in the remaining 
experiment the curve was displaced to the left. 


Flow (ml./min) 
© 
© 


x 
10G- 
x 
° x 
P.A.p.—L.A.p. (cm saline) | P.A.p.—L.A.p. (cm saline) 
Fig. 7 Fig. 8 


Fig. 7. The effect of changing the left auricular pressure on the pressure-flow curve in one 
experiment, @, L.A.p.<=3 cm saline; ©, L.A.p.<=10 cm saline; x, L.A.p.<=20 cm saline. 


Fig. 8. The effect of anoxia and adrenaline (supramaximal dose) on the pressure-flow curve. One 
experiment. The curves were obtained in the order denoted by the numbers: 1, O, air; 
2, @, N,; 3, @, air after N,; 4, @, adrenaline, during air ventilation. 


DISCUSSION 
The experiments reported in this paper show that in isolated perfused cats’ 
lungs variations in pulmonary arterial inflow produce effects on the pulmonary 
vascular bed. When the flow is increased from 50 to 900 ml./min the pressure 
gradient across the lungs (the pulmonary arterial minus the left auricular 
pressure) is increased and has an approximately linear relationship to the flow 
and to the volume of blood in the vascular territory perfused. The resistance 


is only very slightly decreased by increasing the flow within this range. When © 


the flow is decreased from about 30 ml./min to zero flow the pressure-flow 
curve is convex to the pressure axis, the resistance is markedly increased and 
the lung blood volume is more sharply reduced. The linear part of the pressure- 
flow curve is characterized by the steepness of its slope: thus changes in flow 
of the order of 100 ml./min produce changes in pressure of only about 7 cm 
saline. The cardiac output of the anaesthetized cat is 2-3 times the blood 
volume per minute (Rowlands, personal communication). For a cat of 2-5 kg, 
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therefore, the pulmonary arterial inflow is of the order of 3560-500 ml./min. The 
highest rate of pulmonary arterial inflow used in the experiments now 
reported was about twice this figure. 

The shape of the pressure-flow curve obtained with saline is essentially similar 
to that with blood. Thus it appears improbable that the anomalous viscosity 
of blood is responsible for the shape of the curve and possible that the cross- 
sectional area of the pulmonary blood vessels is increased by increasing the 
flow rate. Dilatation of pulmonary blood vessels could be active or passive, or 
new areas of the pulmonary vascular bed could be opened up. Folkow (1953) 
believes that active dilatation may occur in the systemic vessels, although 
there is no evidence as yet of a similar process taking place in the pulmonary 
circuit. Wearn, Ernstene, Bomer, Barr, German & Zschiesche (1934) found 
that not all of the pulmonary capillary bed was open at the same time in the 
anaesthetized cat so that new vessels would probably be available, and it is 
also possible that arteriovenous anastomoses open up (Tobin & Zariquiey, 
1950; Prinzmetal, Ornitz, Simkin & Bergman, 1948). The division of the 
pressure-flow and flow-resistance diagrams into a curved and an approxi- 
mately linear portion suggests that the contribution of the two factors, dilata- 


- tion of existing vessels and opening up of new vessels, is of varying importance 


at different parts of the curve. 

When the left auricular pressure is raised and presumably the pulmonary 
vessels are dilated the curved part of the pressure-flow diagram disappears. The 
increase of pulmonary resistance which occurs when the lung is held in the 
inflated position confirms the observations of Edwards (1951) on the blood- 
perfused lung lobe of the dog, and also those of Cloetta (1912), Visscher, Rupp 
& Scott (1924) and Bjurstedt & Hesser (1953). 

Pressure-flow relationships in systemic vascular beds have been studied by 
Whittaker & Winton (1933), Pappenheimer & Maes (1942), Green, Lewis, 
Nickerson & Heller (1944), Levy & Frankel (1953), Levy & Share (1953) 
among others and the subject is discussed by Bayliss (1952), Burton (1952, 
1954) and by Folkow (1953). The pressure-flow curve for the pulmonary 
vascular bed is much steeper than those reported in systemic vascular beds. 
This would enable the pulmonary arterial inflow to be increased without much 
change in pulmonary arterial pressure and thus the risk of pulmonary oedema 
is decreased. 

The relationship between the change in lung blood volume and lung blood 
flow is approximately linear over the physiological range and is such that 
comparatively small lung blood volume changes result from relatively large 
changes in blood flow. This would lead to the conclusiov. that the pulmonary 
vascular bed of the cat, at least under the experimental conditions described, 
is not a highly distensible system. These results support those of Ochsner 
(1952) and Lanari & Agrest (1954) in dogs. 
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SUMMARY 


1. In isolated blood-perfused cat lungs under positive pressure ventilation 
increase in the rate of pulmonary arterial inflow increases the pressure gradient 
between pulmonary artery and left auricle, decreases the resistance of the 
pulmonary blood vessels to blood flow and increases the volume of blood in the 
lungs. 

2. The lung blood volume is not markedly altered by variation in the rate 
of pulmonary arterial inflow. 

3. The effects of changes in the left auricular pressure and of anoxia and 
adrenaline on the pressure-flow curves have been demonstrated. 


The authors wish to thank Mrs Marion Nixon for technical help. Some of the apparatus used 
was bought with a grant to H. N. D. from the Central Research Fund, London University. 
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THE EFFECT OF f-IRRADIATION ON SKIN HISTAMINE 
AND VASCULAR RESPONSES IN THE RAT 


By V. D. EISEN anp C. W. M. WILSON* 


From the Department of Pharmacology, Middlesex Hospital Medical School, 


(Received 9 October 1956) 


Although numerous aspects of the effect of ionizing radiation on mammalian 
skin have been studied, there have been few investigations on its effect on 
the histamine content of the skin, and the relationship between this and the 
microscopic and macroscopic changes which occur in the skin following 
radiation. Feldberg & Loeser (1954) report a fall in the histamine content of 
human skin following X-irradiation, and Eisen, Ellis & Wilson (1956) have 
shown that a decrease occurs in the histamine content of rat skin following 
X-irradiation which they have correlated with changes in the mast. cells. 


The macroscopic and microscopic changes in the skin which follow f-radia- 


tion have been fully investigated (Bloom, 1948). Oedema and vasodilatation 
occur early and are followed by degenerative changes in the cells and vascular 
occlusion. Erythema and ulceration are seen in the living tissue. Ungar & 
Damgaard (1954) have studied the effect of B-radiation on the histamine 
content of the skin of rats and on the vascular response of the skin to injections 
of compound. 48/80 in the irradiated areas. There have, however, been no 
previous attempts to relate the macroscopic and microscopic changes in 
B-irradiated skin with its content of histamine. 

In the present experiments we have studied the effect of f-irradiation on 
the histamine content of the skin and on the response of the blood-vessels to 
injections of histamine and compound 48/80 in the irradiated areas. When 
these effects have been investigated, the production and course of inflammatory 
and degenerative changes following irradiation was studied in rats which had 
previously been depleted of histamine by injections of compound 48/80 and 
these results have been compared with those in undepleted animals. 


* Present address: Department of Pharmacology and General Therapeutics, University of 
Liverpool. 
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METHODS 


Radiation techniques and doses, Male albino rats weighing about 200 g were used in all the 
experiments. Throughout the experiments they received rat cake and water ad libitum. Before 
irradiation the rats were anaesthetized with pentobarbitone 40 mg/kg by intraperitoneal injection 
and their abdomens were shaved. Chemical depilators were not used and any animals with 
visible damage to the skin after shaving were discarded. The same area of the abdominal skin, 
between the umbilicus and pubis, was irradiated in all the animals. After irradiation the animals 
were randomly selected for investigation. 

A 10 me strontium 90 B-ray plaque of circular area 4 cm* with a surface dose rate of 5260 rep/h 
was used for the irradiation. This was strapped directly on to the shaved abdominal skin. The 
half-value depth of this B-radiation was 1-3 mm of tissue and the dose to the skin surface was 
3000 rep. 

Depletion of skin histamine. The rats were depleted of histamine by injecting increasing doses of 
compound 48/80 in saline intraperitoneally. During the first six days compound 48/80 was 
injected in the morning and afternoon, thereafter it was injected only in the morning. It was given 
in the following doses calculated in yug/100 g; on the first day, 90 +90; second day, 120 + 120; 
third day, 150 + 150; fourth day, 200 + 200; fifth day, 250 + 260; sixth day, 300 + 300; and there- 
after increasing by 50 yg daily up to 550 ng/100 g, which the rats received daily during the re- 
mainder of the experiment. 

Estimation of skin histamine. The abdominal skin and the skin over the lower part of the chest 
was shaved immediately after death. Irradiated and control samples of skin weighing about 
500 mg were removed from the centre of the abdomen and the region of the costal angle respec- 
tively. The skin samples were split from the underlying tissue on the surface of the muscle along 
the natural lines of cleavage, weighed and immediately boiled in 2 ml./g x-HCl. The samples 
were then ground with sand and subsequently treated by the method of Feldberg & Talesnik 
(1953), except that the suspension’ was centrifuged in graduated tubes and a portion of the 
supernatant fluid was diluted with Tyrode solution. 

Histological techniques. The skin for subcutaneous tissue spreads to demonstrate mast cells was 
obtained from the centre of the irradiated area. The subcutaneous tissue was removed from the 
deep surface of the skin and mounted by the method described by Riley (1953). The spreads were 
then stained with 0-5% toluidine blue. Paraffin sections were also made of the irradiated skin, 
and stained with 0-5 % toluidine blue in alcohol. 

Local reactions of the skin vessels, The response of normal and irradiated abdominal skin to 
intradermal injections of saline, histamine and compound 48/80 was observed after intravenous 
injection of pontamine sky blue as described by Eisen et al. (1956), The reactions were investigated 
20 hr after irradiation by the intradermal injection of 0-1 ml. of histamine or compound 48/80 in 
concentrations of 1/500, 1/1000 and 1/2000 and 1/10,000. 


RESULTS 

The response of normal skin to B-radvation 

The macroscopic appearance of the skin. The changes in the skin were 
observed until the tenth day following irradiation and resembled those 
described by Ungar & Damgaard (1954). Desquamation and erythema 
occurred on about the sixth day. A sticky exudate then appeared, sloughing 
of the skin surface occurred and a shallow ulcer had formed by the tenth 
post-irradiation day. The irradiated skin contracted so that the irradiated 
area was reduced to about half of its initial size by the tenth post-irradiation 
day. No hair growth occurred in the irradiated area (Pl. 1, fig. 3). 
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The histamine content of the skin. The histamine content of the skin from 
the non-irradiated control areas remained within the normal range during the 
10 days following f-irradiation. The histamine content of the irradiated areas 
decreased following irradiation. The decrease began after 20 br, but it did not 
become pronounced until the fifth day when the mean histamine content of the 
irradiated skin had fallen to 14g/g at which it remained until the tenth day 
(Table 1). 8-Irradiation therefore caused a gradual decrease in the skin hista- 
mine concentration which fell to 43°, of the value of the control samples of 
skin from the same rats (Text-fig. 1). 
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Text-fig. 1. The changes in the histamine content of the abdominal skin following f-irradiation, 
expressed as percentages of the values for the histamine content in adjacent normal skin. 


TaBxe 1. The histamine content of normal and irradiated abdominal skin 


Skin histamine content (ug/g) 

3 Time after 
Rat -irradiation (hr) Normal Mean Irradiated Mean 
1 8 31-4 31-4 

2 20 20-4 24-4 

3 20 30-2; 798 
4 24-0 22-6 

5 3 25°5 70}. 
6 5 30-2 hl 

7 5 a7.gf 
8 ‘10 30-0 12-7 ; 
9 10 0} 35:5 


The mast cells of the subcutaneous tissue showed degenerative changes similar 


to those in the skin after X-irradiation described by Eisen et al. (1956). There _ 


were no significant changes in the cells 8 hr after irradiation, but at 20 hr 
some of the cells were swollen and the granules were less tightly packed than 
in normal cells. Three days after irradiation some of the cells were swollen 
and in some the cell membrane was ruptured. On the fifth post-irradiation day 
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the cell membrane was broken in many of the cells; the granules had leaked 
into the surrounding tissues and were less deeply stained than normal. Most 
of the other cells were deformed and some showed vacuolation although some 
small deeply staining cells could still be seen (Pl. 1, fig. 1). Ten days after 
irradiation many of the cells had an ill-defined pale area in their centres and 
granules could not clearly be distinguished. Fragmented cells with their gran- 
ules scattered through the surrounding tissue were still visible and some small 
deeply staining cells, indicative of new cell formation (Riley & West, 1955) 
were also scattered in small groups through the tissue. 

Local reactvons of the skin vessels. Intradermal injections of histamine into 
normal and irradiated skin produced responses of the same size and intensity 
of blueing at both sites. These reactions occurred with all the histamine con- 
centrations which were used. Intradermal injections of compound 48/80 also 
caused responses of the same size and intensity in normal and irradiated skin 
in all the concentrations which were tested, including that used by Ungar & 
Damgaard (1954) (Pl. 1, fig. 2). Intradermal injections of saline produced 
only traces of local blueing. The responses of the irradiated skin to the injec- 
tions of histamine or compound 48/80 were of the same character 20 hr after 
B-irradiation. The blueing responses were tested in a few rats on the seventh 
post-irradiation day when the skin histamine had fallen to } of its normal value. 
Histamine and compound 48/80 in concentrations of 1/10,000 produced equal 
responses in normal and irradiated skin. 


The effect of B-irradiation and histamine depletion by compound 48/80 

B-irradiation followed by depletion with compound 48/80. In view of Ungar & 
Damgaard’s report that the wheal-formation which is normally associated 
with intradermal injection of compound 48/80 is prevented throughout a period 
of 6 hr up to 9 days after exposure to radiation, an experiment was performed 
in order to determine whether f-radiation would prevent the histamine libera- 
ting action of compound 48/80 in the skin during this period. 

The rats were exposed to §-radiation and on the following day depletion of 
histamine with compound 48/80 was commenced. Skin was removed for 
estimation of the histamine content from depleted and irradiated areas, and 
from adjacent areas which had been depleted only. In none of the rats was 
any difference in histamine content detected between the two areas of skin, 
as is shown in Table 2. From these results it would therefore appear that 
previous f-radiation does not diminish the histamine-liberating effect of 
compound 48/80, and that compound 48/80 and f-radiation together do not 
diminish the histamine content of the skin more than compound 48/80 alone. 

Depletion with compound 48/80 and B-irradiation during depletion. Several 
experiments were performed in which various degrees of depletion with 48/80 
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were produced, and during this treatment the rats were exposed to f-radia- 
tion in order to determine whether the histamine depletion would affect the 
severity of the subsequent radiation lesions. The method of treatment and 
skin histamine values are shown in Table 3. In the single rat which was treated 
with compound 48/80 for 10 days and killed 8 days after the last injection, 
histamine depletion of the skin was incomplete. This partial depletion was 
probably due to some recovery of the skin histamine, which was occurring to 
almost the same extent in the irradiated and unirradiated skin during the 


TaBiE 2. Skin histamine content in rats subjected to f-radiation and depletion 


with compound 48/80 
Skin histamine content (ug/g) 
B-radiation and 

Rat depletion Depletion only Day of death 
l 10-0 11:3 3 
2 12-4 15-7 3 
3 11-0 97 3 
4 9-5 10-0 3 
1 3-0 2-4 4 
2 2-4 4-2 4 
1 2-5 2-9 5 
2 2-6 2-7 5 
1 2-9 2-8 6 


f-radiation given on day 1, injections of compound 48/80 commenced on day 2. 


Tasxz 3. Skin histamine content in rats subjected to depletion 
by compound 48/80 and £-radiation 


Mean histamine content of 
skin 
No. of Com Day of Day of : and wor 
y 
rats 48/80 p-irradiation depleted only 
2 for 4 days 2 5 3-0 27 
3 Daily for 6 days 2 7 4-4 3-7 
1 Daily for 10 days 2 18 10-8 12-7 
3 Daily for 15 days 5 16 3-5 3-6 


Injections of compound 48/80 commenced on day 1. 


period when injections of compound 48/80 were not being given. In none of the 
rats were the size or progress of the radiation lesions different from the lesions 
in rats which had not received compound 48/80 (Pl. 1, fig. 3). In undepleted 
and in histamine depleted rats slight variations had appeared in the regularity 
of the margins of the ulcerated areas and in the degree of cicatrization of the 
ulcers by the tenth day after irradiation. These differences were not consistent 
and occurred in both groups irrespectively. 

It has been reported that on the second day after the oomméencement of 
depletion with ‘subacute’ doses of compound 48/80, i.e. the largest doses that 
were tolerated, a decrease in skin histamine and mast cell destruction have 
begun to appear. On the third day mast cell destruction is complete (Riley & 
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West, 1955) and the skin histamine reaches a value which is less than that pro- 
duced in the present experiments by f-irradiation alone. From the present. 
experiments it appears therefore that the severity of the subsequent ulcera- 
tion is not modified by the level of skin histamine at which radiation was 
performed. It is also of interest that the rate of restoration of histamine in the 
area of skin which had been subjected to irradiation and depletion was similar 
to that in skin which had been depleted alone. 


DISCUSSION 
The macroscopic changes observed in the skin following f-irradiation were 
similar to those described by Ungar & Damgaard (1954). Bloom (1948) has 
described the microscopic changes in mice and rats which occurred at various 
periods after B-irradiation with 2500 and 5000 rep and reports similar changes 
with both doses though they occurred slightly earlier with the larger dose. 
The mast cells showed degeneration like that reported in the present experi- 
ments. In their experiments Ungar & Damgaard (1954) found no decrease in 
the histamine content of abdominal skin after 8-irradiation. The histamine 
content of the skin in the present experiments decreased at the same time as 
microscopic changes were seen in the mast cells. The histamine content fell 
to a slightly lower value than that reported by Eisen et al. (1956) after 
X-irradiation and the decrease began to appear slightly earlier. These differences 
may have arisen because of the larger dose of ionizing radiation used in the 
present experiments. The concurrent degeneration of mast cejls and decrease 
in skin histamine suggests that the change in the latter is a consequence of the 
destruction of the mast cells, caused by the radiation. This correlation between 
histamine content and mast cell degeneration in the skin is similar to that 
following X-irradiation described by Hisen et al. (1956). 

Complete disappearance of the mast cells such as occurs after administration 
of compound 48/80 (Riley & West, 1955) was not observed after either f- or 
X-irradiation, and correspondingly the histamine content of the skin did not 
fall to the low values obtained after administration of compound 48/80. 
A comparison of the histamine liberating properties of f-irradiation and 
compound 48/80 indicates that the former, in the fairly large doses used in the 
present experiments, is less efficient than compound 48/80. The fact that the 
combination of f-irradiation and compound 48/80 could not decrease the 
histamine content to a lower level than that obtained by compound 48/80 
alone shows that irradiation like compound 48/80 is unable to release the 
residual histamine in the skin which is resistant to release by any known 
liberators (Brocklehurst, Humphrey & Perry, 1955). 

The effect of histamine and compound 48/80 on the vascular permeability 
following B-irradiation of the skin was examined after an intravenous injection 
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of pontamine sky blue since it has been stated by Miles & Miles (1952) that this 
is the most suitable method to obtain reliable results. Ungar & Damgaard 
(1954) have found that the whealing response of f-irradiated skin to compound 
48/80 is inhibited during the period of 6 hr-9 days after irradiation, although 
histamine elicited a normal response during this period. No dye was used for 
examining the reactions in their experiments. Twenty hours after irradiation 
in the present experiments changes in the mast cells of the skin had begun to 
appear and the skin histamine content was just beginning to decrease, but it is 
clear from the similarity of the responses of normal and irradiated skin to the 
intradermal, injection of histamine, that cutaneous vessels in the irradiated 
skin still reacted normally at least to large doses of histamine. At this time 
also compound 48/80 produced a normal cutaneous vascular response, and 
there was no interference with the mechanism by which compound 48/80 
releases histamine. Miles & Miles (1952) have shown that compound 48/80 
causes changes in vascular permeability by virtue of its histamine-liberating 
properties. Therefore at this time compound 48/80 was capable of liberating 
histamine in the normal fashion from the skin and the vessels responded to 
this histamine in the normal way. Furthermore, it was found in the present 
experiments that in skin partially depleted by f-radiation, compound 48/80 
could still release sufficient histamine to produce a vascular response similar 
to that caused by histamine. 

In animals which had previously been depleted of histamine by the adminis- 
tration of compound 48/80, the histamine content of the skin did not differ 
in irradiated and non-irradiated areas. In both areas it was reduced to about 
10% of the normal value. No differences were detected in the time of onset 
or the course of the macroscopic radiation lesions between normal and depleted 
animals, and recovery of skin histamine in irradiated areas was similar to 
that in non-irradiated areas. Ulceration caused by f-irradiation can therefore 
occur in the absence of 90% of the skin histamine, and histamine restoration 
in the irradiated areas proceeds at a normal rate. A similar observation was 
made with regard to the occurrence of passive cutaneous anaphylaxis and 
the Arthus reaction in depleted animals by Brocklehurst et al. (1955). Thus 
it is concluded that radiation ulceration is brought about by a mechanism 
which is independent of intrinsic skin histamine, in spite of the observation 
that in the undepleted animal ulceration occurs at the time when the skin 
histamine is falling. These results suggest that the ulcerative and reparative 


processes are not directly dependent upon the amount of histamine present in 
the skin. 
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SUMMARY 


1, The histamine content of f-irradiated areas of the abdominal skin has 
been compared with the content in adjacent normal skin in the same rats 
following irradiation. The histological changes in the subcutaneous mast 
cells were also examined. 

2. Within five days of radiation the skin histamine fell to 47 %/ of the normal 
value and it remained at a low level until the tenth day. The subcutaneous 
mast cells showed degenerative changes on the fifth day and the damage was 
more severe on the tenth day. 

3. The leakage of plasma proteins from the blood stream, as shown with 
pontamine sky blue, did not differ in irradiated skin following the intradermal 
injection of histamine or compound 48/80 at different periods after irradiation 
from that in normal skin. This indicates that the capillaries react in the same 
way to both drugs in normal and irradiated skin. 

4. B-irradiation did not diminish the histamine-liberating properties of 
compound 48/80, and the combination of irradiation and compound 48/80 
did not decrease the skin histamine more than compound 48/80 alone. 

5. Prior depletion of skin histamine by compound 48/80 did not affect the 
severity of subsequent ulceration produced by f-irradiation. 

6. It is suggested that the fall in skin histamine is attributable to the con- 
current degeneration of subcutaneous mast cells, and that radiation ulceration 
is brought about by a mechanism which is independent of intrinsic skin 
histamine. 

We wish to express our thanks to Professor C. A. Keele for his advice during the experiments 
and for his criticism of the manuscript, and to Professor J. E. Roberts for permitting the use of 
equipment in his department. We wish to thank Mr R. E. Ellis and Mr. T. A. E. Bryant for their 
assistance in carrying out the irradiation; and the Wellcome Research Laboratories, Beckenham, 


for generous supplies of compound 48/80. This work was done during the tenure by one of us 
(C. W. M. W. ) of @ grant from the Wellcome Foundation. 
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EXPLANATION OF PLATE 
Fig. 1. Mast cells in the abdominal skin: toluidine blue; scale, 0-1 mm. a, normal skin, paraffin 
section; 6, fifth day following irradiation, paraffin section; deformation of cells, early 
vacuolation and rupture of cell membranes; c, tenth day following irradiation, subcutaneous 
tissue spread; vacuolation and extensive disintegration of the mast cells with wide dispersion 
of granules. 

Fig. 2. Local skin reactions in f-irradiated (f) and adjacent normal abdominal skin; blueing in 
response to intradermal injections of (a2) compound 48/80 1/10,000, (b) histamine 1/2000. 
Fig. 3. The appearance of the ulcerated area in irradiated skin ten days after B-irradiation: (a) in 

a normal rat; (6) in a histamine-depleted rat. 
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PHARMACOLOGICALLY ACTIVE SUBSTANCES FORMED 
IN EGG YOLK BY COBRA VENOM 


By W. VOGT* 
From the National Institute for Medical Research, Mill Hill, London, N.W. 7 
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This paper deals with the pharmacological activities acquired by egg yolk 
when incubated with cobra venom, and is concerned with the nature of the 
substances responsible for these activities. It has been known since the work 
of Liidecke (1905) and Delezenne & Ledebt (1912) that lysolecithin is formed 
from the lecithin present in egg yolk by enzymic cleavage of one fatty acid. 
The enzyme responsible for this cleavage is phospholipase A. In 1938 Feldberg, 
Holden & Kellaway examined the effect of envenomed egg yolk on smooth 
muscle preparations. They found that it caused on the isolated guinea-pig 
ileum preparation a contraction, which was followed at first by an increase in 
sensitivity of the preparation to histamine and to acetylcholine and later by 
a decrease. The contractions produced by envenomed egg yolk diminished on 
repeated administration. Since the contractions occurred after a latency and 
developed slowly, the active principle responsible for it was referred to as 
‘slow reacting substance’, or, abbreviated, as ‘SRS’. Two active fractions were 
separated from the envenomed egg yolk: one fraction had the properties of 
lysolecithin and caused the inhibitory effect, the decrease in histamine sensi- 
tivity; and the other produced the slow contraction. The authors concluded 
that the inhibiting effect of envenomed egg yolk on the guinea-pig ileum 
preparation was due to the lysolecithin. Whereas Rocha e Silva & Beraldo 
(1948), as well as Habermann & Neumann (1954), accepted and confirmed this 
conclusion, Boquet, Dworetzky & Essex (1950) were unable to obtain with 
lysolecithin a decreased sensitivity of the guinea-pig ileum to histamine and 
attributed the inhibiting effect of envenomed egg yolk to a different substance, 
which they called in memory of Delezenne and Ledebt ‘D-L substance’. It has 
therefore been necessary to re-investigate this problem: and it is now shown 
that the inhibiting effect is due to lysolecithin. 

No detailed experiments have hitherto been performed concerning the 
nature of SRS. Nor do we know whether SRS is responsible also for the 
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increased sensitivity which follows the contraction. Several polypeptides are : 
known to have slow contracting smooth muscle effects, and some snake venoms ~ 


are able to form such polypeptides from suitable substrates. However, SRS 
was found by Feldberg et al. (1938) to be soluble in acetone and in ether, which 
excludes a polypeptide structure. The present experiments show that SRS 
consists of one or more unsaturated fatty acids, but not of oleic acid, which 
was also excluded by Feldberg et al. Further, unsaturated fatty acids, either 
the same as those responsible for the slow contraction or others, are responsible 
for the increased sensitivity as well. 

The term SRS refers in the present paper only to the slow contracting 
substance or substances formed in egg yolk by cobra venom and does not 
apply to other slow reacting smooth-muscle-stimulating substances found 
under different conditions; some of these are certainly different from SRS. 


MATERIALS AND METHODS 


Incubation of egg yolk with cobra venom. Egg yolks were suspended in an equal volume of saline 
or Tyrode solution, to which 0-2-5 mg of cobra venom, dissolved in a small amount of saline, was 
added per egg yolk. After mixing, the suspension was incubated at 37° C for varying times up to 
16 hr (‘envenomed egg yolk’). The pH of the incubate decreased gradually, but, except in one 
experiment in which the pH was brought to pH 7 from time to time, no adjustment of pH was 
made, At the end of the incubation four volumes of alcohol were added and the precipitate formed 
was centrifuged off after standing in an ice box during the night. The precipitate was washed 
several times with 95% alcohol and finally with absolute alcohol. The combined supernatant and 
washings were used for further investigation. The precipitate, which was inactive on the isolated 
guinea-pig ileum preparation, was discarded. | 

Enzymic cleavage of lecithin. The method of Hanahan, Rodbell & Turner (1954) was used. 
Lecithin was dissolved in peroxide-free ether to give a final concentration of 1-5%. For the paper 
chromatography experiments, samples of 2 ml. of this ethereal lecithin solution were mixed with 
0-02 ml. of a 0-5% aqueous cobra venom solution, shaken, and then kept at room temperature 
(20-22° C) for varying times. The enzymic reaction was then stopped by adding 2 ml. of methanol, 
which at the same time redissolved the precipitated lysolecithin. Measured parts of this solution 
were then applied to paper for chromatography. 

For preparing lysolecithin and liberated fatty acids larger amounts of lecithin were similarly 
dissolved in ether, mixed with cobra venom, and incubated for 14-16 hr. The precipitated lyso- 
lecithin was then collected by centrifugation, washed with ether, and dried. The combined ether 
solution and washings, which contained the fatty acids, were evaporated in a stream of N,, and 
redissolved in petrol ether; this solution was then washed with water and afterwards dried over 
anhydrous Na,SO,. 

Preparation of pure lecithin. Lecithin was extracted from egg yolk and purified by chromato- 
graphy on aluminium oxide according to the method of Hanahan, Turner & Jayko (1951). The 


alcoholic solution of pure lecithin obtained by this procedure was evaporated nearly to dryness e 


under reduced pressure and in the absence of oxygen. The residue was taken up in a small volume 
of petrol ether and precipitated with four volumes of acetone. A colourless lecithin preparation 
was obtained, which, after drying in a desiccator, turned faintly yellow. 

Chemical. hydrolysis of lecithin. 70 mg of lecithin was emulsified in 1-4 ml. of n-NaOH in 


a sealed tube and left at 37° C for 15 hr. From the reaction mixture fatty acids were extracted . 


with ether after diluting and acidifying with HCl. The ethereal solution was evaporated in a stream 


of N, at room temperature, The residue was dissolved in water to which an adequate amount of ‘ 


S's > 


> 

é 


w all af 


i 
| 


SUBSTANCES IN ENVENOMED EGG YOLK 133 


NaOH had been added, and was then treated with 10% Pb acetate. This precipitated the lead 
salta of the fatty acids, which were collected by centrifugation, washed with water, and dried. The 
dry material was suspended in 4 ml. of ether; this suspension was centrifuged and the clear 
supernatant was treated with H,S to precipitate PbS, which was then removed by centrifugation. 
The ethereal solution now contained the unsaturated fatty acids of the lecithin. 

Paper chromatography, Whatman no. | paper was used and the chromatograms were run in 
ascending direction in a tightly closed chamber in a N,-atmosphere. Samples of lecithin-cobra 
venom incubates corresponding to 120~150 yg of lecithin or equivalent amounts of split-products 
were applied to the paper as single spots: The solvent was butanol, saturated with water (Huen- 
nekens, Hanahan & Uziel, 1954). Equilibration of the liquid and gaseous phases was allowed for 
2-4 hr before dipping the chromatogram into the solvent. 

Lecithin and lysolecithin were located by spraying with the phosphate reagent of Hanes & 
Isherwood (1949), heating the paper to about 80° C for 7-10 min and then irradiating with ultra- 
violet light for 10 min (Bandurski & Axelrod, 1951). Furthermore, unsaturated groups were 
detected by exposure of the papers to osmium tetroxide vapours, thus locating lecithin and 
liberated unsaturated fatty acids. Choline was found by staining with Reinecke salt solution 
(Hack, 1953) or by the molybdenum blue method of Bevan, Gregory, Malkin & Poole (1951). For 
biological assay, several unstained chromatograms were divided into transverse sections. Corre- 
sponding sections were combined and extracted with methanol; the methanol solution was 
evaporated on a water-bath in a stream of nitrogen, directed at its surface, and the residue was 
taken up in saline for the measurement of haemolytic activity and for biological assay on the 
guinea-pig ileum preparation. 

Estimation of haemolytic activity. Washing of red cells and measuring of haemolysis was done 
as advised by Ponder (1948). Thrice washed red cells from guinea-pig blood were used as a suspen- 
sion in saline, corresponding to 5% of the original blood volume. To 0-2-4 ml. of this suspension 
were added 0-02-0-2 ml. of the solution to be tested made up in saline. The time needed for com- 
plete haemolysis was determined at constant temperature (21 or 22°C). Occasionally, the 
percentage haemolysis was measured. For this purpose samples were incubated for 10 min in 
centrifuge tubes and were then centrifuged for 5 min. Measured portions of the supernatants were 
taken for colorimetric estimation, after converting the liberated haemoglobin to acid haematin by 
the addition of an equal volume of 0-33 n-HCl. 

Biological assay. Isolated pieces of guinea-pig terminal ileum were suspended in a 15 ml. bath 
at 34°C in Tyrode solution, aerated with oxygen; 0-2 ug atropine was added to the bath through- 
out the experiment. Test doses of histamine were administered every 1-5 min. Each dose was 
allowed to act for 15 sec followed by a 15 sec wash and a further 60 sec rest. The samples of 
envenomed egg yolk fractions on test were left in the organ bath for varying times. If the 
envenomed yolk fractions had no direct effect, histamine was administered at the end of the 
exposure time before washing out. Otherwise the sample was washed out and the next dose of 
histamine was applied after 1 min rest. 

Materials. The histamine used for the biological assay was the acid phosphate. All doses refer 
to the base, Cobra venom was a sample supplied by the late Dr C. H. Kellaway. Linoleic acid was 
a sample analysed and found to be pure by Dr A. T. James, who kindly supplied it. Oleic acid and 
stearic acid were commercial preparations, not subjected to further purification. 


RESULTS 


As found by Feldberg et al. (1938) alcoholic extracts of envenomed egg yolk 
produce a slowly developing contraction of the isolated guinea-pig’s ileum 
followed by periods of decreased and increased sensitivity of the preparation 
to histamine. The predominant change was a decrease in sensitivity, and some- 
times this effect was so strong and occurred so early as to interfere with and 
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even to prevent the slow contraction itself. In that case the decreased sensi- 
tivity of the preparation was the sole effect of the extract which could be 
observed. 

When the alcoholic extracts of envenomed egg yolk were dried and ex- 
tracted with ether, the material contained in the ether filtrate had a stimu- 
lating effect on the ileum and the contractions were followed by a period of 
increased sensitivity of the preparation to histamine. A period of decreased 
histamine sensitivity of the preparation was usually not observed after 
application of the ether filtrate, or, if present, the effect was weak. On the 
other hand, the ether-insoluble residue, taken up in saline solution and tested 
on the ileum preparation, rendered it less sensitive to histamine. Thus it was 
possible by extraction with ether to separate the principle in envenomed yolk 


A B 


Fig. 1. Guinea-pig ileum, suspended in 15 ml. Tyrode solution. Effect of ether-soluble (A) and 
ether-insoluble (B) fractions of alcoholic extract of envenomed egg yolk, left in the bath for 
80 sec. At the white dots 0-04 ug of histamine, left in the bath for 15 sec and repeated at 
intervals of 90 sec (for details see text). 


extracts which produced the inhibitory effect from that which caused the 
slow contraction (SRS) as well as the increase in sensitivity. The effects of the 
ether-soluble and ether-insoluble fractions on the guinea-pig’s ileum are 
illustrated in Fig. 1. The fractions were obtained from egg yolk incubated with 
230 wg of cobra venom per ml. of egg yolk for 16 hr at 37°C. At A 415 yg of 
the ether-soluble material were given and at B1 mg of the ether-insoluble 
fraction, each dose corresponding to 0-015 ml. of egg yolk. 


The action of SRS on the guinea-pig ileum 

Not only did the contraction produced by SRS develop rather slowly, but 
when the bath was replaced with fresh Tyrode solution, relaxation was also 
slow. In fact, when histamine was given 1} min later, that is after the usual 
time interval between applications of histamine, the preparation was often not 
fully relaxed. 

The amounts of extracts necessary to produce a slow contraction depended 
upon the time of incubation with the venom. In the experiment of Fig. 1 the 
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contraction at A was produced by extract corresponding to 0-015 ml. of egg 
yolk incubated with cobra venom for 16 hr. Some SRS, however, was formed 
in much shorter periods of incubation. Thus under similar conditions phar- 
macological activity was produced after 3 min incubation with an amount of 
extract corresponding to 0-2 ml. egg yolk. In another experiment, a sample 
incubated for 4 hr had a stronger effect than a corresponding sample incubated 
for $ hr, and a sample incubated for 10 hr had again a stronger effect than the 
4 hr sample. Thus the formation of SRS increased with the time of incubation. 
In this respect, SRS differs from the muscle-stimulating polypeptide brady- 
kinin since the bradykinin which is formed by the action of Bothrops jararaca 
venom is destroyed when incubation is continued for more than a few minutes. 

Decreased responses to SRS after repeated application. Feldberg et al. (1938) 
showed that the slow contraction produced by extract of envenomed egg yolk 
decreased with repeated application and finally disappeared, although the 
preparation remained sensitive to histamine. This has been confirmed with the 
ether-soluble fraction which contained SRS. 

The diminution in the response to SRS could be obtained with amounts 
which did not produce maximal contractions. The diminished response was 
obtained even when the SRS was applied at intervals as long as 15-20 min. The 
reduction in the response to SRS when given repeatedly varied with different 
ileum preparations. In some experiments the second dose of SRS was already 
ineffective, whereas in others it produced a slight diminution only, which 
increased on further application of SRS. In some preparations a small con- 
traction persisted, however often the application of SRS was repeated, 
suggesting that there were two different contracting effects with the SRS, only 
one being abolished by repeated administration. The same impression was 
gained from experiments in which SRS was kept in the bath after a maximal 
response had been reached. In these experiments the ileum started to relax 
gradually after a short time, but in some experiments it did not relax fully but 
remained slightly contracted. The small contraction which was not abolished 
by repeated SRS administration also persisted as long as the SRS was kept in 
the bath. 

Another effect was sometimes seen with large doses of SRS (100 ug/ml. or 
more), When they were given to a preparation made insensitive to smaller 
doses by their repeated administration, a large dose sometimes produced 
a transient quick small contraction. At the same time the fluid became turbid 
probably as a result of precipitation of Ca®+ ions and the contraction may there- 
fore have been brought about by the resultant increase in the K/Ca ratio. 

The histamine-sensitizing effect of SRS extracts. The sensitization of the 
histamine response varied in different preparations. In some it was only slight 
but in others there was a fourfold increase in the histamine contractions. The 
sensitization was independent of the direct contraction produced by SRS, 
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since it occurred also when, after repeated administration, SRS no longer 
contracted the ileum. In fact, in some experiments the sensitizing effect 
increased as the direct contracting effect diminished. 


Chemical properties of SRS 

SRS was found to be soluble not only in ether, but also in acetone, benzene 
and petrol ether. Extracts made with these solvents produced the slow 
contraction as well as the increase in sensitivity of the preparation but lacked 
the inhibitory effect. 

The solubility of SRS in organic solvents such as petrol ether made it 
unlikely that it was a polypeptide, even on the assumption that lipids present 
in the extracts could have acted as solubilizing agents. On the other hand, the 
solubility in lipid solvents suggested that SRS might be an acidic substance 
since all known lipid-soluble smooth muscle stimulating substances, such as 
Prostaglandin (von Euler, 1936; Bergstrém, 1949), Darmstoff, fraction ‘X’ 
(Vogt, 1955) and Irin (Ambache, 1956), are acidic in nature. Evidence of the 
acidic nature of SRS was obtained as follows. 

The ether-soluble filtrate obtained by extraction of dried alcoholic extract 
of envenomed egg yolk was shaken with an equal volume of water, to which 
a few drops of n-NaOH had been added to produce a definitely alkaline pH. 
The two phases of the system were separated, neutralized, evaporated to 
dryness and redissolved in saline solution. By estimating the contracting 
effect of the two fractions on the guinea-pig’s ileum it was found that most of 
the SRS had migrated into the aqueous phase; the activity of the ether phase 
was comparatively weak. If, however, a similar distribution of SRS was made 
at acidic pH, i.e. after the addition of a few drops of n-HCl instead of n-NaOQH 
to the ether-water mixture, the slow contraction was elicited by the ether 
phase, the water phase now being ineffective. In both partitions the fraction 
which contained the SRS also produced the increase in histamine sensitivity of 
the ileum. These results indicate not only that SRS is an acidic substance but 
also that it or a similar substance is responsible for the sensitizing effect on the 
guinea-pig ileum preparation. 

The finding that SRS is acidic in nature and lipid-soluble suggested that it 
might be a fatty acid. Cobra venom contains a phospholipase A, which splits 
off the unsaturated fatty acid from egg lecithin. Since egg lecithin is not 
a uniform substance, different unsaturated fatty acids are liberated by the 
venom and SRS might be one or several of these unsaturated fatty acids. To 
prove the unsaturated nature of SRS, use was made of the solubility of the 
lead salts of unsaturated fatty acids in ether since it is known that the 
corresponding lead salts of the saturated fatty acids are insoluble in ether. 

An aqueous solution of SRS was treated with lead acetate until no further 
precipitation occurred. Precipitate and supernatant were separated by centri- 
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fugation; the precipitate was then dried and extracted with ether and the 
ether-soluble material separated by filtration from the ether-insoluble residue. 
From all three fractions lead was eliminated with H,S, the solvents were 
evaporated and the residues taken up in saline solution. The filtered ether- 
soluble fraction produced a slow contraction followed by increased sensitivity 
to histamine, whereas the other fractions, i.e. the aqueous supernatant and the 
ether-insoluble precipitate, did not contract the ileum, nor did they alter the 
histamine response. Thus it was clear that SRS had formed a lead salt, 
insoluble in water but soluble in ether, which indicated that it was indeed an 
unsaturated fatty acid. 


Properties of the substance responsible for the decreased sensitivity 
of the guinea-pig ileum to histamine 

The ether-insoluble residue of the alcoholic extracts of envenomed egg yolk, 
if given in sufficient amounts, rendered the guinea-pig ileum insensitive to 
doses of histamine which formerly gave a strong contraction, and recovery 
occurred gradually after about 10 min (Fig. 1). With smaller amounts of the 
ether-insoluble residue the histamine responses were not abolished but only 
reduced, and recovery was quicker. The substance responsible for this effect 
was insoluble in dry acetone but when extracted with 90% acetone a little 
activity was sometimes found in the acetone filtrate. The substance was also 
insoluble in petrol ether, but readily soluble in methyl- or in ethyl alcohol and 
in water. 

The extracts containing the inhibitory substance were strongly haemolytic, 
indicating the presence of lysolecithin. Attempts to separate the inhibiting 
from the haemolytic effect by various procedures such as extraction, liquid- 
liquid distribution, and paper chromatography, were unsuccessful. This 
supports the assumption made by Feldberg e¢ al. (1938) that the inhibitory 
effect was due to lysolecithin itself. Moreover, the areas of paper chromato- 
grams, which showed the gut-inhibiting and haemolytic effect (see page 139), 
gave a positive reaction for phosphate and choline, and their Ry value after 
running with butanol agreed with that given for lysolecithin by Huennekens 
et al. (1954). 

Enzymic formation of SRS and inhibitory substance from pure lecithin 

The experiments so far described indicated, but did not prove, that SRS 
originated from the lecithin in the egg yolk, and that the inhibitory substance 
was lysolecithin. It seemed necessary, therefore, to repeat the experiments 
by incubating cobra venom with pure lecithin, thus ensuring that no other 
substrate was available to the cobra venom, and further, to incubate under 
conditions in which no other reaction could occur but the cleavage of the 
unsaturated fatty acid and the formation of lysolecithin. 
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Lecithin was prepared from egg yolk, purified chromatographically and 
incubated with cobra venom in ether solution. It is known that in ethereal 
solution no other reaction but cleavage of the unsaturated fatty acid takes 
place (Hanahan, 1952). Samples were incubated at room temperature for 
0, 25 min, 4 and 14 hr, after which times the reaction was stopped by addition 
of methanol. Measured portions of the incubated samples, corresponding to 
120-500 yg of lecithin or of its split products, were placed as single spots on 


0 23% 4 14 0 235 4 14 
min hr he min hr hr 


Fig. 2. Chromatographic identification of the split products of lecithin after incubation with cobra 
venom in ether solution for varying times as indicated below the origin. Each spot applied at 
the origin corresponded to 250 yg of lecithin, or of split products, respectively. The chromato- 
gram on the left was stained for phosphate with the reagent of Hanes & Isherwood, showing 
(originally blue) spots in the position of the lecithin (Lec.) and the lysolecithin (Lyso.) regions. 
The chromatogram on the right, exposed to OsO, vapour, showed (originally grey) spots in 
the positions of lecithin and of unsaturated fatty acids (F.Ac.). The numbers 1-5 on the left 
margin refer to corresponding transverse slices from parallel chromatograms which were used 
for biological assay (for details see text). 


Whatman No. 1 paper and were then chromatographed with water-saturated 
n-butanol. One series of chromatograms was stained for phosphate with the 
reagent of Hanes & Isherwood (1949). Blue phosphate-containing spots 
appeared in the position of lecithia on the chromatograms of the samples 
incubated for 0 and 25 min and less intensively in the chromatogram of the 
4hr sample. This blue spot was absent in the chromatogram of the 14 hr 


sam 
blue 

Thes 
A 
ail 
the 
leci 
site 
of F 
(F.Ac.) 5 app 
inc 

4d (Lec.) 4 cont 
cob 

no | 
3 
(Lyso.) 3 | trar 
| of fi 
gav 

4 1 - | uF fre ‘ 
| (no 
hist 

14 
wh 
res 

wi 
inc 

oil 
4 sen 
q sar 
lee 
act 

the 


SUBSTANCES IN ENVENOMED EGG YOLK 139 


sample, and instead, in the chromatograms of the 4 and 14 hr samples, another 
blue spot appeared below the position of lecithin, as shown in Fig. 2 (left side). 
These lower spots corresponded to the position of lysolecithin. 

A second series of chromatograms, which had been run in parallel, was 
exposed to osmium tetroxide vapour, whereby dark grey spots developed in 
the region of lecithin, which again showed the gradual disappearance of 
lecithin with increasing times of incubation. A second spot developed at the 
site of the solvent front where free fatty acids are to be expected (see right side 
of Fig. 2). This spot was absent in the chromatogram of the 0 min sample, but 
appeared on incubation and became more pronounced with longer times of 
incubation. These chromatograms thus showed that the egg lecithin, which 
contains one unsaturated and one saturated fatty acid, had been split by 
cobra venom into a free unsaturated fatty acid and into lysolecithin, the latter 
no longer demonstrable with osmium tetroxide. 

Other chromatograms run parallel with the above were cut into five 
transverse slices, each corresponding (from above downwards) to the position 
of fatty acids (no. 5, Fig. 2), lecithin (no. 4), lysolecithin (no. 3) and then two 
apparently empty fractions (nos. 2 and 1). Eluates of these fractions were 
assayed on the isolated guinea-pig ileum in the following way. First, all eluates 
of the chromatogram from the 14 hr sample were tested, in order to locate the 
biologically active regions. As shown in Fig. 3 the fatty acid fraction (no. 5) 
gave the typical effect of SRS, that is, a slow contraction of the ileum, followed 
by slow relaxation and an increase in histamine-sensitivity. The lecithin 
fraction (no. 4) had no action on the guinea-pig gut. The lysolecithin fraction 
(no. 3) did not stimulate the ileum, but greatly reduced its sensitivity to 
histamine for several minutes. Fractions nos. 1 and 2 were inactive, or nearly so. 
The next procedure was to take corresponding eluates of the 0, 25 min, 4 and 
14 hr samples, and to compare their activities on the ileum, in order to see 
whether the effects found in the active fractions of the 14 hr sample had 
resulted from incubation or had been present before. No effects were obtained 
with any fraction of the 0 min sample. On the other hand, the fatty acid 
fraction of all three incubated samples produced a slow contraction and 
increased the sensitivity of the ileum to histamine. The effect was strongest 
with the 14 hr sample and weakest with the 25 min sample (Fig. 4). Similarly, 
the lysolecithin fractions of all three incubated samples rendered the ileum less 
sensitive to histamine and again this effect was smallest with the 25 min 
sample and greatest with the 14 hr sample. 

The eluates of the 14 hr chromatogram were tested for haemolytic activity. 
Two peaks of haemolytic activity were found, one corresponded to the lyso- 
lecithin fraction and one to the fatty acid fraction (Fig. 5). The haemolytic 
activity of the lysolecithin fraction, however, was much stronger than that of 
the fatty acid fraction. When both fractions were compared under equal 
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conditions, the fatty acid fraction produced 40°% haemolysis in 10 min, 
whereas the lysolecithin fraction caused complete haemolysis in less than 
1 min. A weak haemolytic effect was obtained with the fraction below lyso- 
lecithin apparently owing to some tailing of the substance in the chromato- 
gram. This fraction elicited also a weak gut inhibitory effect (Fig. 3). The 


1 . 3 4 5 
Fig. 3. Guinea-pig ileum, suspended in 15 ml. Tyrode solution. Assay of successive fractions of 
a chromatogram of lecithin run in parallel to those of Fig. 2 incubated with cobra venom for 
14 hr. The numbers 1-5 refer to the different fractions obtained from slices numbered as in 
Fig. 2; each fraction was tested in a dose which corresponded to 1 mg of lecithin or to the 
equivalent amount of split products: other contractions are due to 0-05 ug histamine. Note 
the inhibitory effect in fraction 3 (lysolecithin) and the slow contraction with subsequent 
increase in histamine-sensitivity in fraction 5 (fatty acids). 


0. 4hr 14hr 

Fig. 4. Guinea-pig ileum, suspended in 15 ml. Tyrode solution. Upper tracing: assay of the fatty 
acid fractions (slice no. 5 in Fig. 2) from paper chromatograms of lecithin incubated with 
venom for varying times which are indicated below the tracing; the fractions were tested in 
amounts equivalent to 1 mg of lecithin. Lower tracing: assay of the corresponding lyso- 
lecithin fractions (slice no. 3 in Fig. 2), each fraction equivalent to 330 ug of lecithin. Other 
contractions in both tracings due to 0-05 yg histamine; both the slow contracting and the 
inhibitory effect are absent in the zero-time fractions and become stronger with increasing 
times of incubation. 
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haemolytic activity of the lysolecithin fraction, which was absent in the 0 min 
sample, increased with the time of incubation. 

The haemolytic action of the fatty acid fraction accords with the inane 
properties of unsaturated fatty acids. Some of them, as for instance cis11:12- 
octadecenoic acid (Laser, 1950) are highly haemolytic. The results obtained 
with pure lecithin thus prove that SRS is an unsaturated fatty acid liberated 
from lecithin and that the gut-inhibitory action is a property of the haemolytic 
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Fig. 5. Haemolytic activity of eluate of the same fractions as in Fig. 3 from the paper chromato- 
gram of the 14 hr sample. Amounts of each fraction, corresponding to 500 yg of lecithin or 
equivalents of split products, were dissolved in 0-15 ml. of saline and added to 4 ml. of 5% 
red cell suspension. Haemolysis was measured photometrically after 10 min incubation at 
22° C, 


Formation of SRS by chemical hydrolysis of lecithin 

Further evidence that SRS is an unsaturated fatty acid liberated from 
lecithin was obtained by hydrolysing lecithin chemically instead of enzymically. 

A sample of 70 mg pure lecithin was saponified in n-NaOH at 37°C. No 
lysolecithin is produced by this procedure, because both fatty acids of lecithin 
are split off simultaneously. After complete hydrolysis the reaction mixture 
was acidified with HCl and the fatty acids were extracted with ether. The 
unsaturated fatty acids were isolated by the lead salt-ether method. For 
comparison another 70 mg from the same lecithin stock was incubated with 
cobra venom in ether solution and after 14 hr of incubation the liberated fatty 
acids were isolated. The effects of the chemically and enzymically prepared 
unsaturated fatty acids were tested on the guinea-pig ileum. Slow contractions 
were produced by both; using corresponding amounts the effects were quali- 
tatively and quantitatively the same (Fig. 6). With repeated administration 
of the fatty acids of either source, the size of the contractions decreased and 
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their latencies increased. This can be seen in Fig. 6 which gives the times in 
seconds required for the development of the full contractions produced by 
repeated alternating doses of the two fatty acid samples. 


100 110 130 sec 


A B A 


Fig. 6. Guinea-pig ileum, suspended in 15mL Tyrodesolution. Comparison of effects of unsaturated 
fatty acids prepared from lecithin by chemical hydrolysis (A) and by enzymic hydrolysis with 
cobra venom (B); each dose equivalent to 3-5 mg of lecithin; C, 3-5 mg of unhydrolysed 
lecithin from the same stock; other contractions due to 0-05 yg histamine: the lower strip is 
a continuation of the upper. Figures given above the tracing indicate the times in seconds 
necessary for the development of the full contraction; note increase in latency and time 
required for full contraction with repeated application of SRS, owing to desensitization. 


Effects of oleic, linoleic and stearic acids 

In a few experiments an attempt was made to identify the unsaturated fatty 
acid derived from egg lecithin and responsible for the slow contraction and 
increased sensitivity to histamine. Neutralized oleic and linoleic acids both of 
which are unsaturated fatty acid constituents of egg lecithin, were tested on 
the guinea-pig ileum preparation, and so was the saturated stearic acid. 

Stearic acid produced neither a slow contraction nor did it render the ileum 
preparation more sensitive to histamine (Fig. 7 B). Oleic acid was found by 
Feldberg et al. (1938) to be inactive on the guinea-pig ileum and was therefore 
no longer considered as the substance responsible for the slow contracting 
effect. In the present experiments oleic acid was also unable to imitate, or at 
least to imitate fully, the action of SRS. When 0-5-2 mg of oleic acid was 
added to the 15 ml. bath in which the ileum preparation was kept, it did not 
cause a contraction; occasionally it produced a slight elevation of the base line 
as illustrated in Fig. 7 A. Oleic acid, however, shared with SRS the ability to 
render the ileum more sensitive to histamine (Fig. 7). 

Linoleic acid had usually no contracting effect on the guinea-pig ileum, 
sometimes it produced a very small gradual contraction and in one preparation 
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a contraction like that produced by SRS was obtained on the addition of 
250 ug of linoleic acid to the bath. When given a second time the linoleic acid, 
however, was inactive. When the linoleic acid was washed out, the sensitivity 
of the ileum to histamine was found to be increased. However, the time 
course of sensitization was different from that seen after SRS. After SRS was 
washed out the increase was maximal during the first one or two minutes, and 
decreased with each subsequent histamine administration. After linoleic acid 
the increased sensitivity was not apparent, or only slight, during the first few 
minutes after it had been washed out, and only the third or fourth histamine 
contraction was increased. 3 

Finally, mention may be made that, with repeated administration of large 
doses of either oleic or stearic acid, small, quick contractions were produced 
like those seen with SRS under similar conditions. They were probably due to 
_ precipitation of caleium, like those produced by SRS. 


A B C 


Fig. 7. Guinea-pig ileum (15 ml. bath): A, oleic acid; B, stearic acid; C, SRS; sach dose = 0-5 mg 
free acid, neutralized with NaOH. Other contractions due to 0-05 yg histamine. 


DISCUSSION 


The results of the present experiments show that the pharmacological activities 
produced by incubating egg yolk with cobra venom are due to two different 
substances, which are both split-products of lecithin. The one is lysolecithin, 
the other SRS, which was identified as unsaturated fatty acid in nature. 
Lysolecithin is responsible not only for most of the haemolytic property of 
envenomed egg yolk, but also for the inhibitory effect on the guinea-pig ileum, 
which after lysolecithin becomes less sensitive to stimulating substances such 
as histamine. On the other hand, the slow contraction as well as the increased 
sensitivity to histamine are effects of the unsaturated fatty acids split off from 
lecithin, 

Parallel development or disappearance of two different biological effects is 
usually regarded as an indication that both effects are due to the same sub- 
stance. The simultaneous formation of lysolecithin and active unsaturated 
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fatty acids, however, provides an instance where such conclusions may be 

The finding that lysolecithin is responsible for the inhibitory effect on the 
guinea-pig ileum confirms the conclusion of Feldberg et al. (1938), but is at 
variance with that of Boquet et al. (1950). It is not clear why these authors 
were unable to demonstrate this effect with lysolecithin, and, also, why they 
did not obtain an inhibitory effect when venom was incubated with plasma or 
lecithin, but only when it was incubated with egg yolk. The ineffectiveness of 
plasma as substrate for lysolecithin formation may be explained by its rather low 
lecithin content, as compared with egg yolk. Furthermore, plasma may have 
an inhibitory action on the splitting enzyme of cobra venom similar to that 
shown for the phospholipase A of bee venom (Neumann & Habermann, 1954). 
In the experiments of Boquet ef al. in which lecithin was used as substrate, 
either the ionic milieu for the enzymic action of the venom may have been 
unsuitable, or their lecithin preparation may have contained CdCl,, since 
CdCl, is used in the classical methods for purification of lecithin. It is known 
that CdCl, inhibits the effect of cobra venom (Habermann & Neumann, 1954). 
In the present investigations, the use of CdCl, was deliberately avoided by 
purifying the lecithin chromatographically (Hanahan et al. 1951). 

The characteristic features of the contraction produced by SRS, that is to 
say the pronounced latency and the slowness of the contraction as well as of 
the relaxation after changing the bath fluid, were reproduced by the unsaturated 
fatty acid fraction of envenomed egg yolk or of lecithin. The unsaturated fatty 
acid fraction also caused a transient increase in histamine sensitivity of the 
guinea-pig ileum similar to that which follows the application of envenomed 
egg yolk once lysolecithin has been eliminated. Sensitization to muscle- 
stimulating substances may be a common property of lipid-soluble slow 
contracting acidic substances. For instance, Darmstoff, a phosphatidic acid, 
has this effect (Kuck & Vogt, 1950). 

The SRS extracts used in the present experiments were a mixture of un- 
saturated fatty acids, and it is not certain whether the slow contraction 
produced by these extracts were the effect of one or several such acids. It is 
certain, however, that not all unsaturated fatty acids have this property; 
oleic acid, for instance, is ineffective. The exact chemical structure of the acid 
or acids which produce the slow contraction is as yet unknown. Linoleic acid 
according to Gabr (1956) produces a slow contraction on the guinea-pig ileum 
in doses of 20-50 pg in a 10 ml. bath. However, the present results suggest 
that linoleic acid at most contributes to a small extent only to the contraction 
produced by SRS, since it proved to be a much weaker smooth muscle- 
stimulating substance than was expected from the experiments of Gabr. When 
its activity was compared with that of SRS extracts, it was found that weight for 


weight linoleic acid had a much weaker effect than the SRS extract, although _ 
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the extracts contain, in addition, a proportion of inactive unsaturated fatty 
} acids such as oleic acid and possibly other inactive components. Another 
possible candidate for SRS may be A-3:4-octadecenoic acid, which was found 
by Gabr to contract the guinea-pig ileum, but there is as yet no evidence of its 
presence in egg lecithin. Gabr suggested that this acid, or a similar unsaturated 
fatty acid, might be responsible for SRS effects. 

From the present results it is not possible to conclude that the slow contrac- 

tion and the sensitizing effect are produced by the same unsaturated fatty 
acids, and that SRS is thus also responsible for the sensitizing effect. For 
instance, oleic acid has this property and is certainly formed by the action of 
cobra venom on lecithin of egg yolk; therefore, part of the sensitizing effect 
produced by SRS-containing extracts may be due to this acid. 
The sensitizing effect produced by unsaturated fatty acids has to be taken 
into account when perfusates of organs are assayed for their histamine content 
on the isolated guinea-pig ileum, as they may contain such acids. Fortunately, 
the sensitization persists for some time, so that it would be revealed by a sub- 
sequent histamine application. In fact, Feldberg & Kellaway (1937) con- 
sidered the possibility that their histamine values of lung perfusates obtained 
after injection of cobra venom might have been too high, because of this 
sensitization. 

The desensitization of the guinea-pig ileum to SRS after its repeated 
application differs from that observed with other substances such as brady- 
kinin or 5-hydroxytryptamine. With these substances desensitization is 

i relatively transient and occurs only with supramaximal doses or with smaller 
doses when given at short intervals, whereas with SRS desensitization occurs 
already with doses sufficient to give a small response and persists for many 
minutes. The following hypothesis would account for the desensitization to 
SRS. Unsaturated fatty acids are easily oxidized into hydroperoxides. It may 
be that the contraction produced by SRS is due not to the unsaturated fatty 
acid itself, but to its hydroperoxide, and that the oxidizing system in the 
intestinal wall becomes quickly exhausted after application of SRS. The 
' residual effect that is sometimes seen after desensitization, might then be due 
to the presence of peroxides in the SRS sample itself, and in fact, estimation 
by the Wheeler (1932) method showed that the SRS extracts contained 
peroxides. It is interesting to note in this connexion that oleic acid, which does 
not produce the slow contraction, cannot be peroxidized by plant lipoxidases 
(Holman & Bergstrém, 1951). 

The unsaturated fatty acids split off from lecithin by cobra venom were 
found not only to contract the guinea-pig ileum and render it more sensitive to 
histamine, but also to produce haemolysis. It is not known whether the acid 
or acids responsible for the haemolysis are identical with those responsible 
for the effects on the guinea-pig ileum. The haemolytic effect of the unsaturated 

10 PHYSIO, OXXXVI 


» 
4 
| 
4 
4 
] > 
f 


146 W. VOGT 


fatty acids is weak in comparison with that of lysolecithin. This was shown by 
comparing the haemolysis caused by equivalent amounts of lysolecithin and 
of the unsaturated fatty acid fraction derived from lecithin. The haemolytic 
effect of the unsaturated fatty acids, however, may explain findings such as 
that of Dunn (1934), that incubates of red cells, cephalinase and cephalin 
produced stronger haemolysis than was to be expected from the amount of 
lysocephalin that could have been formed. 


SUMMARY 

1. The pharmacological activities produced in egg yolk on incubation with 
cobra venom are shown by paper chromatography to be due to lysolecithin and 
to unknown unsaturated fatty acids. 

2. Lysolecithin is shown to be responsible not only for the main haemolytic 
activity of envenomed egg yolk, but also for its ability to render the guinea-pig 
ileum less sensitive to histamine. 

3. Envenomed egg yolk produces on the guinea-pig ileum a slow contraction 
and the substance responsible for it has been termed slow-reacting substance 
(SRS). It is shown that SRS is an unsaturated fatty acid, split off from 
lecithin: this unsaturated fatty acid, however, is not oleic acid. 

4. The unsaturated fatty acid fraction of envenomed egg yolk produces on 
the isolated guinea-pig ileum not only the slow contraction but also an increased 
sensitivity to histamine. In addition, the unsaturated fatty acid fraction 
exerts some haemolytic activity. It is not known whether all three activities 
are due to the same or to different acids. 

5. The slow contraction and the increased sensitivity to histamine can be 
produced on the guinea-pig ileum not only with the unsaturated fatty acid 
fraction obtained from envenomed egg yolk, but also with that obtained from 
enzymic or chemical hydrolysates of purified lecithin. 

I am much indebted to Dr W. Feldberg for his suggestions and advice and to Sir Charles 
Harington for the facilities which enabled me to carry out this work. 


REFERENCES 


Amsacaze, N, (1956). Trigeminomimetic action of iris extracts in rabbits. J. Physiol, 132, 49-50 P. 


Banpurskl, R. 8. & Axztnop, B. (1951). The chromatographic identification of some biologicall 
important phosphate esters. J. biol. Chem. 198, 


Burestedm, 8. (1949). Prostaglandinets Kemi. Nord. Med. 42, 1465. 
Buvay, T. H., G. I., Maram, T. & Pooum, A. G. (1951). Chromatographic 
a of choline-containing phospholipids from phospholipid mixtures. J. chem. Soc. pp. 841-842. 
quet, P., Dworerzxy, M. & Essex, H. E. (1950). Physiologic responses of certain animals and 
ae eee to mixtures of snake venom and egg yolk. Amer. J. Physiol. 161, 


C. & 8. (1912). Nouvelle contribution I’étude des substances hémolytiques 


dérivées du sérum et du vitellus de l’couf, soumis a l’action : 
4155, 1101-1103. uf, a des venins. 0.R, Acad. Sci., Paris, 


Duny, E. E. (1934). The ion of the and toxic 
ss aa ae enzymes principles of the venom of Crotalus 


FELD 
8 
GABE 
HaB 
Hans 
Hans 
Han: 
Haw 
Ho 
Hum 
Kvo 
Last 
Ngvu 
Pon! 
LOOE 
| WHE 


SUBSTANCES IN ENVENOMED EGG YOLK 147 


Fecppgre, W. & Kuttaway, C. H. (1937). Liberation of histamine from perfused 
snake venoms. J. Physiol. 90, 257-279. ii tung by 

Feipseke, W., Houpen, H. F. & Keriaway, C. H. (1938). The formation of lysocithin and of 
a smooth muscle-stimulating substance by snake venoms. J. Physiol. 94, 232-248. 

Gasp, Y. (1956). Observations on a substance in human which gives a slow contraction 
guinea-pig gut in vitro. Brit. J. Pharmacol. 11, 

Hasermann, E. & Neumann, W. (1954). Die Hemmung der Hitzekoagulation von Eigelb durch 
Bienengift—ein Phospholipase-Effekt. Hoppe-Seyl. Z. 297, 179-193. 

Haok, M. H. (1953). Analysis of lipids by spot tests on filter paper disk chromatograms. Biochem. 
J. 54, 602-605. 

Hananan, D. J. (1952). The enzymic degradation of phosphatidyl choline in diethyl ether. 
J. biol, Chem. 195, 199-206. y 

Hananan, D, J., Roppatt, M. & Turner, L. D. (1954). Enzymatic formation of monopal- 
mitoleyl- and monopalmitoyl-lecithin (lysolecithins). J. biol. Chem. 206, 431-441. 

D. J., Tunwer, M. B. & JayKo, M. E. (1951). The isolation of egg phosphatidylcholine 
by an adsorption-column technique. J. biol. Chem. 192, 623-628. es 

Hawzs, OC. 8. & Isuenwoon, F. A. (1949). Separation of the phosphoric esters on the filter paper 
chromatogram. Nature, Lond., 164, 1107-1112. 

Hotman, R. T. & 8. (1951). In Sumyen, J. B. & Myrick, K. The Enzymes, vol. 
part 1, p. 567. New York: Academic Press Inc. 

Huunwexens, F. M., Hawanan, D. J. & Uzrer, M. (1954). Paper chromatography of lecithins. 
J. biol. Chem, 206, 443-447. 

Kuck, H. & Voar, W. (1950). Pharmakologische Wirkungen des Darmstoffs. Arch. exp. Path. 
Pharmak. 208, 71-81. 


Lasse, H, (1950). The isolation of a haemolytic substance from animal tissues and its biological 
properties. J. Physiol. 110, 338-355. 

Léipzoxs, K. Dissertation Munich, 1905. Quoted from Neumann, W. & Hasermann, E. 
(1954). Hoppe-Seyl. Z. 206, 166-179. 

Neumann, W. & Hasermann, E. (1954). Uber die Phospholipase A des Bienengiftes. Hoppe- 
Seyl. Z. 206, 166-179. 

Ponpgr, E. (1948). Haemolysis and Related Phenomena, p. 181. London: J. and A. Churchill Ltd. 

Rooma 8 Suva, M. & Buratvo, W. T. (1948). Dynamics of recovery and measure of 
antagonism. Inhibition of smooth muscle by lysocithin and antihistaminics. J. P 

93, 457-469. 

Voat, W. (1955). Eigenschaften und Gewinnung von Darmstoffpriparaten. Arch. exp. Path. 
Pharmak, 227, 224-233. 

von Evuuzr, U. 8. (1936). On the specific vasodilating and plain muscle stimulating substances 
from accessory genital glands in man and certain animals (prostaglandin and vesiglandin). 

J. Physiol, 88, 213-234. 


Wueetzr, D. H. (1932). Peroxide formation as a measure of autoxidative deterioration. Oil & 


4 
“4 
aa 
‘a 
Soap, 9, 89-97. 
3 


J. Physiol. (1957) 136, 148-173 


THE ACTION OF CARDIAC GLYCOSIDES ON SODIUM AND 
POTASSIUM MOVEMENTS IN HUMAN RED CELLS 


By I. M. GLYNN 
From the Physiological Laboratory, University of Cambridge 
(Received 27 October 1956) 


This paper describes the effects of a number of cardiac glycosides on the 
movements of sodium and potassium across the human red cell membrane. 
A preliminary account of some of the experiments reported here has already 
been published (Glynn, 1955). The aim of the work was, first, to decide 
whether the glycosides acted directly on the transport mechanism, and, 
secondly, to see if the effects of the glycosides could be made to yield any 
information about the molecular basis of cation transport. 

Many substances affect the movements of sodium and potassium but 
practically all of them act indirectly. Some, like the lysins, make the membrane 
leaky and so increase ‘downhill’ fluxes; others, like iodoacetate, inhibit 
energy metabolism and prevent active transport. In 1953 Schatzmann found 
that strophanthin, an active principle from Strophanthus gratus, prevented 


the uptake of potassium and elimination of sodium that normally occur when | 


cold-stored red cells are incubated with glucose at 37°C. Other cardiac 
glycosides have been found to give similar results (Joyce & Weatherall, 1955; 
Kahn & Acheson, 1955). Schatzmann, in his original paper, noted that 
concentrations of glycosides sufficient to affect ion movements had no effect 
on oxygen consumption or on lactic acid formation, and he concluded that 
the action of the drugs lay beyond the stage of energy production. It follows 
that the glycosides must act either by preventing energy released during 


glycolysis from reaching the ionic pump, or by interfering with the carrier ; 


mechanism itself. These two theories lead to different predictions, and ex- 


periments will be described which show that it is probably the second that is i 
correct. The cardiac glycosides thus emerge as the only substances—apart of _ 
course from the metallic cations—which there is, at present, reason to believe _ 


act on the carrier system. 


It is of interest to know how much of the structure of the sivensiite molecule 


is necessary for the action on the ion fluxes, and an attempt has been made 
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to define the essential features by testing the effects of several substances 
related chemically to the cardiac aglycones. This work has been held up owing 
to difficulty in procuring compounds with the required molecular structure, 
but some tentative conclusions are possible. 

Since the cardiac glycosides produce their effects on ion fluxes even in 
concentrations at which relatively few molecules of drug are present, it seemed 
worth while to try to assess the number of ion-transporting sites from the 
effects of a known small amount of inhibitor. Such an estimate depends on 
certain assumptions, but detailed study of the inhibitory action of the glyco- 
side scillaren A has suggested that these assumptions are justified and has 
provided data from which a maximum figure for the number of sites has been 
obtained. The plausibility of this figure will be discussed. 


METHODS 


The methods used in handling the red cells and making the flux measurements have been 

described in detail in an earlier paper (Glynn, 1956). 
Preparation of the solutions containing the cardiac glycosides. The glycosides were all rather 

insoluble in water, so concentrated alcoholic solutions were prepared with 80% ethanol, AR. 

To prepare the test solutions a small quantity of alcoholic solution was added to the 

medium. In only one experiment was the concentration of alcohol greater than 0-5% (v/v) and 

in all experiments an equal quantity of alcohol was added to the controls. 
The glycosides used were: 


(i) Digoxin Burroughs Wellcome ‘pure crystalline digoxin B.P.’ 
(ii) Emicymarin : 

(iii) Allo-emi The gift of Professor T. Reichstein of Basle. 

(iv) Seillaren A 


(v) Hexahydro-scillaren at The gift of Professor A. Stoll of Basle. 


Solutions of a-angelica lactone were prepared in the same way. The sample used was supplied 
by Messrs Light. 

Preparation of solutions containing the steroids. A small quantity of the material (aldosterone 
or deoxycorticosterone) was weighed out on a micro-balance and dissolved in sufficient 80% 
ethanol A.R. to give a concentration of 2 x 10-* g/ml. As soon as the material had dissolved 
(about 10 min) a measured quantity of the alcoholic solution was added to sufficient Ringer’s 
solution to make the final concentration of the steroid 10~* g/ml. The solutions were prepared 
as required. The aldosterone was a gift from the Ciba Foundation. 


RESULTS 

Site of action of the cardiac glycosides 
Since the cardiac glycosides inhibit the cation fluxes without affecting oxygen 
utilization or the production of acid anaerobically (Schatzmann, 1953), their 
action must lie beyond the stages of respiration or glycolysis, They might act 
either on the mechanism by which metabolic energy is transferred to the 
pump—on the reactions of ATP perhaps—or on the carrier system itself. 
If they act by disconnecting the pump from the energy supply their effects 
should be restricted to those fluxes which depend on the presence of glucose ; 
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if, however, they act on the carrier system one might expect an effect on those 
fluxes, or those components of fluxes, which are quite insensitive to glucose 
deprivation. The effects of a number of cardiac glycosides on the influx and 
efflux of sodium and potassium under a variety of experimental conditions 
can therefore be used to decide between the two possible sites of action. 

The drug chosen for most of the experiments, since it was commercially 
available in pure form, was digoxin, a glycoside from the yellow foxglove 
Digitalis lanata: but similar results were also obtained with scillaren A, from 
the fleshy bulb of the squill Urginea maritima, and with emicymarin, a 


glycoside found in Sér us emint. 
80 
Control 
60 - = 20} 
0- 15 gin) 
£10 
20 x 
= 
ek 100 150 
Digoxin concn. (g/ml.) External K concn. (mM) 
Fig. 1 Fig. 2 


Fig. 1. The effect of digoxin concentration on potassium influx during the first hour of exposure 
to digoxin. Expt. no. AAS. 2. External K concn. 5 mm. 


Fig. 2. The effect of digoxin on potassium influx at different external potassium concentrations. 
Expt. no, AAS. 2. Influx measured over first hour of exposure to digoxin. 


The effect of cardiac glycosides on potassium influx. The first experiments 
were designed to test the effect of cardiac glycosides on potassium influx at 
different external potassium concentrations. Influx was measured by ob- 


serving the uptake of “*K from labelled suspension media over a period of | 


1 hr. Two sets of flasks were used, one set containing, say, digoxin and the other 


serving as a control. A quantity of ethanol equal to that present in the digoxin _ 
flasks was always added to the controls. Preliminary trials (Fig. 1) showed — 


that under the conditions of the experiment a digoxin concentration of 
10-* g/ml. had a maximal effect, and this was the concentration subsequently 
used. The results obtained with digoxin are shown in Fig. 2; those with 
scillaren A were similar. In earlier papers (Shaw, 1955; Glynn, 1956) potassium 
influx has been shown to consist of two components, of which one is pro- 
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portional to external potassium concentration, and the other—called for 
convenience the Michaelis component—increases with external potassium 
concentration at low concentrations but levels off as the external potassium 
concentration is further increased. The Michaelis component alone is sensitive 
to removal of glucose. Fig. 2 shows that digoxin greatly reduces the size of 
the Michaelis component but affects the linear component little if at all. 
(The slight convergence of the linear parts of the two curves is significant but 
will be discussed later.) Comparison of Fig. 2 with Fig. 3, which is taken 


30 


K influx (m-mole/I. cells/hr) 


50 100 750 
External K concn. (mm) 
Fig. 3. The effect of glucose deprivation on potassium influx at different external 
potassium concentrations. Reproduced from Glynn (1956). 


from Glynn (1956), shows that the effect of digoxin is much greater than the 
effect of depriving the cells of glucose—the difference being most obvious at 
low potassium concentrations, where the Michaelis component accounts for 
the major part of the influx. For example, with 1 mm-K outside, removal of 
glucose reduces potassium influx by 43%, digoxin reduces it by 82%. This 
difference might be explained by supposing that digoxin cuts off the energy 
supply more effectively than does removal of glucose, but the results are also 
compatible with the idea that digoxin acts directly on the ion carrier mechanism 
responsible for the Michaelis part of the influx. 

Effect of digoxin and of glucose deprivation on potassium efflux. Potassium 
efflux was measured by following the appearance of activity in the medium 
surrounding cells loaded with “*K. Cells were washed repeatedly to get rid 
of glucose, loaded with “K by 5 hr incubation in a labelled Ringer’s solution, 
washed again and added to three groups of flasks whose contents were arranged 
as follows: 


(i) (ii) (iii) 
Balanced salt solution + + + 
Glucose, 150 mg/100 ml. + - + 
igoxin, g/ml. - + 
1, 05% + + + 


The efflux from the cells under the three sets of conditions is shown in Table 1. 
In the presence of digoxin efflux was reduced by about 25%, and this was not 
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associated with any significant reduction in haemolysis. Haemolysis was in 
any case very slight—always less than 0-1°—and necessitated a correction 
of not more than 5% in the efflux figures. The efflux from the glucose-deficient 
cells was not significantly less than that from the cells of the controls (P < 0-2). 
If depriving the cells of glucose really has no effect, then interference with the 
energy supply cannot be the explanation of the action of digoxin; if, on the 
other hand, glucose deprivation has a small but undetected effect, then one 
way of explaining the action of digoxin would be to suppose that the energy 
supply is cut off more effectively by digoxin than by removal of glucose. 
Because of the uncertainty about the effects of glucose deprivation, the 
results give only rather equivocal support to the theory of direct action on 
the carrier mechanism. 


Tas.z 1. The effect of glucose and of digoxin on potassium efflux from cells loaded with “K. 


Expt. no. FWC. 2. Duration 1 hr. The figures for efflux each represent the mean of three 
estimations +58.E. 


Additions to medium K efflux (m-mole/1. cells/hr) 
None 2-70 +0-03 
Glucose 150 mg/100 ml. 2-834 0-06 
Glucose 150 mg/100 ml. + digoxin 10~* g/ml. 1740-03 


TaBxE 2. The effect of digoxin on sodium efflux at different external potassium concentrations. 
Glucose present. Duration 22 min. Expt.no.SD. 2. The figures at zero potassium concentration 
are each the mean of three determinations, +8.z.; the other figures are each the mean of two 

Na efflux (m-mole/1. cells/hr) 


External K. concen. Digoxin present 
(mM) Digoxin absent (10-* g/ml.) 
0-00-0-03 1-374 0-02 0-607 + 0-002 
2-94 2-38 + 0-02 0-703 + 0-003 
9-80 2-5140-01 0-80 +0-04 
19-6 2-60 + 0-00 0-88 + 0-02 


Effect of cardiac glycosides on sodium efflux. Experiments on the sodium 
fluxes were more decisive. The effect of digoxin on sodium efflux was investi- 
gated over a range of external potassium concentrations. Cells loaded with 
*Na by exposure to labelled Ringer’s solution were washed and added to 
flasks containing glucose-Ringer’s solutions with different potassium contents. 
After a timed period of incubation the suspension media were separated from 
the cells, and the activities of the media were measured. The period of incu- 
bation was about 20 min and was kept short to minimize changes in cell 
sodium content and specific activity (see section on Methods in Glynn, 1956). 
The results with digoxin are shown in Table 2. Similar though less detailed 
results were obtained with scillaren A and emicymarin. 

Digoxin clearly caused a large reduction in sodium efflux at all external 
potassium concentrations, but the significant point is that even with minimal 
potassium present outside the cells—actually [K,]<0-03 mm—efflux was 


reduced by about 50%. In an earlier paper (Glynn, 1956) sodium efflux was _ 
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shown to consist of active and passive components, and evidence was presented 
suggesting that the efflux in the absence of external potassium was entirely 
passive. Very briefly, the evidence was first, that in the absence of potassium 
sodium efflux was unaffected by the presence or absence of glucose, and 
secondly that, in the absence of potassium, cells never showed net movements 
of sodium against the electrochemical potential gradient. If sodium efflux in 
the absence of potassium is entirely passive and yet is reduced to about half 
by digoxin, then digoxin must be inhibiting a passive flux—a result which is 
not explained by the theory that its action is to disconnect the energy supply. 

Effect of digoxin on sodium influx. Cells were washed three times with 
potassium-free Ringer’s solution and added to four sets of flasks containing 
warmed test solutions labelled with “Na, arranged as follows: 


(i) (ii) (iii) (iv) 


K-free glucose Ringer + + + + 
K (10 m™M) - - + + 

(0-5 %) + + + + 


After a measured period of incubation the cells were spun down, washed 
three times with ice-cold Ringer’s solution and analysed for “Na. 

The results of two experiments of this sort are summarized in Table 3. 
The figures in the fifth column are the amounts of Na present in the cells 
at the end of the experiment. To obtain the influx from these figures it is 
necessary to correct for efflux, and this has been done using data from an 
experiment in which uptake of “Na and net sodium movements were followed 
over a period of 2 hr. (This experiment is described in detail in Glynn, 1956, 


Tas.x 3. The effect of digoxin on sodium influx in the presence 


and absence of external potassium 
External 
Duration K concn. Na uptake Na influx 
Expt. no. (min) (mm) Digoxin (m-mole/l. cells) (m-mole/l. cells/hr) 
AAS. 1 48-5 0 - 2-24 3-10 
62-5 0 - 2-86 3-07 
48-5 0 + 1-35 1-83 
62-5 0 + 1-71 1-81 
48-5 10 - 1-35 2-10 
62-5 10 1-71 2-15 
48-5 10 + 1-53 2-06 
62-5 10 + 1-99 2-10 
IWFH. 1 31-0 0 - 1-52 3-25 
31-0 0 - 1-55 3-32 
31-0 0 - 1-53 3-38 
31-0 0 + 0-941 1-90 
31-0 0 + 0-954 1-93 
31-0 0 + 0-940 1-90 
31-0 13 - 1-05 2-35 
31-0 13 - 1-03 2-31 
31-0 13 1-04 2-34 
31-0 13 + 1-09 2-20 
310 13 + 1-04 2-10 
31-0 13 + 1-11 2-24 
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where, in figure 10, the time curves for *Na uptake and for net sodium 
movements are shown.) In the experiment of 31 min duration the largest 
correction for efflux is only about 10%, so the error in the final result due to 
error in the correction is not likely to be more than a few per cent. In the 
experiment lasting 62 min the correction is larger, but this experiment was 
done on the same batch of cells and at the same time as the experiment to 
determine the time curves, so that the data taken from that experiment and 
used in the correction are data obtained from the same batch of cells under 
the same conditions. It follows that, in this case also, the final figures for 
influx should be correct within a few per cent. 

The most striking conclusion from these experiments is that in the absence 
of external potassium, digoxin reduces sodium influx by something like 
40 %—a little more than the reduction produced by potassium. This effect of 
digoxin can be seen even in the uncorrected figures. A second conclusion is 
that, in the presence of about 10 mm-K, digoxin has little or no effect on the 
sodium influx—a small decrease is suggested by the figures for the 31 min 
experiment, but because of the uncertainty in the efflux correction the dif- 
ference is not significant. Thirdly, potassium and digoxin acting together 
seem to have a smaller effect than digoxin acting alone. 

Of these conclusions the first is the most certain and the most important. 
Removal of glucose has no effect on sodium influx whether or not potassium 
is present (Glynn, 1956). The fact that digoxin reduces by 40% a flux which 
is not only downhill but is also unaffected by removal of glucose cannot be 
explained by supposing that the drug acts on the energy supply to the pump; 
an action on the mechanism by which the ions penetrate the membrane is 
indicated. 

Further evidence that the cardiac glycosides act on the carrier mechanism 
is given later. 7 

The molecular requirements for activity 

Introduction. In view of the findings just described, and especially since 
no other substances are known to interfere with the carrier mechanism, it 
seemed desirable to determine what molecular structure was necessary for a 
substance to have effects on the ion fluxes similar to those of the cardiac 
glycosides. The structural features common to the cardiac glycosides are an 
unsaturated lactone ring, a cyclo-pentano-phenanthrene nucleus, and a 
mono-, di-, tri- or tetrasaccharide sugar. The unsaturated ring is usually 
five-membered, as in digoxin and emicymarin, but is six-membered in the 
squill glycosides. It is attached in the «-configuration to the C,, of the cyclo- 
pentano-phenanthrene nucleus. The sugar is attached by a glycosidic link, 
usually to the 3 position of the steroid nucleus in the trans configuration. 

Schatzmann (1953) showed that the aglycones strophanthidin and digitoxi- 
genin were effective in preventing the reaccumulation of potassium by red 
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cells, so the sugar portion is not essential for activity. As it was not possible 
to test more than a few substances, the scope of the investigation was limited 
by trying to answer only three questions: 

(i) Is an unsaturated lactone ring active when unattached to a steroid 
nucleus? 

(ii) Is the configuration at C,, important? 

(iii) Does saturation of the ring affect the activity? 


The substances tested were: 
| Molecular weight Molecular weight 
exahydro-scillaren 
(c) Allo-emicymarin 553 (f) Digoxin 777 


a-Angelica lactone consists of an «:8 unsaturated, five-membered lactone 
ring, similar to that found in digoxin and many other cardiac glycosides but with 
a methyl group on the y carbon instead of a steroid nucleus on the Bf carbon. 


|» 
H, 
Allo-emicymarin differs from the glycoside found in Strophanthus emini by 
having the 8 configuration at C,,. 


H 
OH 
RO” H RO” 


Hexahydro-scillaren A differs from the natural scillaren A in that the two 
double bonds in the lactone ring and the double bond in the steroid nucleus 
are saturated. 

CH=CH 
Me © =O 
‘ono 


H 

OH 

OH j 

Allo-emicymarin 
Me Me i 

OH OH q 

1H,,0, 
Scillaren A Hexahydro-scillaren A | 
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Effect of «-angelica lactone, emicymarin and allo-emicymarin on sodium 
effluz. Table 4 shows the results of an experiment to test the effects of 
a-angelica lactone, emicymarin and allo-emicymarin on sodium efflux. 
Washed cells loaded with “Na were added to glucose-Ringer’s solutions 
containing the substances to be tested, and the activity appearing in the 
media during 20 min incubation was measured. The emicymarin and allo- 
emicymarin were used in a concentration of 10-°g/ml., and the angelica 
lactone at a concentration of 2x 10-* g/ml. which, because of the smaller 
molecular weight of the lactone, gave roughly the same molar concentration. 


Tas.z 4. Effect of a-angelica lactone, emicymarin and allo-emicymarin on sodium efflux. 
Expt. no. BRL. 1. Duration 22 min 


Conen. Na efflux Inhibition 
Inhibitor (g/ml.) (m-mole/l. cells/hr) (%) 
None 
2-52 
a-Angelica lactone 0 
Emicymarin 79 
Allo-emicymarin 


* Because of the lower molecular weight of «-angelica lactone the molar concentration was 
about the same as that of the glycosides. 


Comparison of the efflux figures for «-angelica lactone with the efflux in 
the control flasks, containing glucose-Ringer’s solution, shows that the 
lactone was completely without effect. (Since these experiments were per- 
formed Kahn & Acheson (1955) have found that «-angelica lactone does have 
an effect when present at a concentration 1000 times greater than that used 
here.) Emicymarin caused severe inhibition—about 79°%%—and allo-emicy- 
marin was very much less potent, causing about 24% inhibition. 

This sort of experiment, in which all the inhibitors are used at the same 
fairly high molar concentration and the relative amounts of inhibition 
produced are compared, is good enough to distinguish between active and 
completely inactive substances, for example between emicymarin and 
a-angelica lactone. For the comparison of substances of different potency, 
like emicymarin and allo-emicymarin, the method is only satisfactory if, for 
each substance, the degree of inhibition produced is proportional to the 
concentration of inhibitor. This is not true for the cardiac glycosides under 
the experimental conditions used—see, for example, Fig. 1, which shows the 
degree of inhibition of potassium influx when cells are incubated for 1 hr in 
glucose-Ringer’s solutions containing different concentrations of digoxin. 
Ideally, to compare potencies the ‘dose effect curve’ for each substance to 
be tested should be found, and these curves should emacs. Such a 
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procedure would be laborious and would give rather more information than 
is required, so instead a compromise was adopted. The ‘dose effect curve’ 
for scillaren A under certain fixed experimental conditions was determined 
(Fig. 4). At the same time, with the same conditions, and with cells from the 
same batch, the inhibition produced by the other substances at one or two 
moderate concentrations was measured. It was then possible to compare 
the activities of the test substances with the activity of scillaren A by esti- 
mating the relative concentrations of each necessary to produce the same degree 
of inhibition. 


3 


Inhibition of K influx (%) 


107 10" 1077 10° 

Conen. of scillaren A (g/ml.)—log scale 

Fig. 4. ‘Dose effect curve’ for the action of scillaren A on potassium influx under standard 
conditions. Expt. no. RBK. 4. Influx was measured over first hour of exposure to scillaren. 
External potassium concn. 6 mm. Haematocrit ca. 5%. The curve is drawn by eye. 


The results obtained by this method are shown in Table 5. Measurements 
were made of the uptake of “*K by cells incubated for one hour with glucose- 
Ringer’s solutions containing the test substances. The degree of inhibition 
was found by comparing the uptake of “*K from a solution containing a given 
substance with uptake from the control solution. It must be emphasized, 
however, that the amount of inhibition depends on such factors as duration 
and haematocrit as well as on the nature of the inhibitor; comparison of the 
figures for different substances is only justified because these other factors 
were kept constant. The results would have been more reliable if a more 
closely spaced range of scillaren concentrations had been used, but even as 
they stand certain conclusions are possible. Scillaren A, emicymarin and 
digoxin are all extremely potent, scillaren being the most powerful with an 
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activity 2} times that of emicymarin and 7 times that of digoxin. Under — 


the conditions of the experiment the saturated hexahydro-scillaren A has 
about one-hundredth of the activity of.the unsaturated glycoside. Allo- 
emicymarin with the ‘wrong’ configuration at C,, has rather less than one- 
hundredth of the activity of the isomeric emicymarin. 


Taste 5. The effect of some cardiac glycosides and related substances on potassium influx. 
External potassium concentration 6 mm. Duration 1 hr. Expt. no, RBK. 4 


Conen. of Activity 
scillaren relative 
Inhibition with same toscillaren A 


Concn. Influx 
Inhibitor (g/ml.) (m-mole/l. cells/hr) effect (approx.) 
None 2-86 — —_ 
2-83 
Scillaren A 10-5 0-609 78-6 
10-* 0-626 78-0 
10-7 0-825 710 
10-* 1-76 38-2 
3-2 x10 2-49 12-5 
Hexahydro-scillaren A 10-* 1-74 37-5 1x10-* 1/100 
1-82 
10” 2-62 8-2 
2-59 
Digoxin 10-* 0-797 73-0 1-4 x 1/7 
0-740 
Emicymarin 10-* 0-605 78-8 ° 
0509 
10-” 1-07 62-4 4x10 2/5 
1-07 
Allo-emicymarin 10-* 2-46 12-1 3-2 x 10-° 1/300 
2-54 
10-” 2-82 2-7 
2-72 


* No reliable estimate. 


It is possible that some of the differences in activity between the substances tested are related 
to differences in the rate of uptake of inhibitor (see p. 161). 


The small amount of activity possessed by samples of hexahydro-scillaren A and allo-emicy- 
marin could conceivably be due to traces of scillaren A and emicymarin. To exclude the presence 
of such traces would require very refined analytical techniques and the task has not been attempted. 


Taken together these results suggest that: (i) an unsaturated lactone ring 
is not active unless linked to an appropriate group; (ii) the configuration at 
C,, of the steroid nucleus is important; (iii) saturation of the lactone ring 
greatly reduces activity. The third conclusion is the least certain because it 
is just possible that the relative inactivity of hexahydro-scillaren is the result 
of the nuclear saturation. The significance of these findings for an under- 


standing“6t the action of cardiac glycosides on heart muscle will be discussed 
later. 


The action of the mineralocorticoids on the red cell fluxes - 
There is a fairly close chemical relationship between the cardiac glycosides 
and the mineralocorticoids, 8 oxidation of the aglycones yielding compounds 
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resembling the corticoids (Reichstein & Shoppee, 1943). This structural 
similarity, together with the fact that the mineralocorticoids affect sodium 
and potassium fluxes in kidney, salivary glands, sweat glands, and mammalian 
muscle (Fliickiger & Verzar, 1954), suggested that the actions of the two 
groups of substances might be connected. It seemed possible that the cardiac 
glycosides were simulating mineralocorticoids and either reproducing their 
actions, or, perhaps, acting as competitive inhibitors. 

Previous workers who have tested the action of adrenal steroids on red 
cells obtained rather discouraging results. Streeten & Solomon (1953-4) tried 
cortisone and ACTH in vivo, and cortisone and hydrocortisone in vitro, and 
found remarkably small effects. Schatzmann (1954) obtained greater effects 
with deoxycorticosterone acetate on rat cells but found it necessary to have 
the steroid present in a concentration of 1 mg/ml. 

In spite of these earlier results it seemed worth while to test aldosterone— 
the most potent mineralocorticoid and that responsible for most of the 
activity of adrenal vein blood—and unesterified deoxycorticosterone. Both 
drugs were used at a concentration of 10-° g/ml. To test the possibility of 
interaction between the cardiac glycosides and the steroids, cells were exposed 
to aldosterone (or deoxycorticosterone) and digoxin separately and together. 
In these experiments digoxin was present at a molar concentration 20-100 
times less than the concentration of the adrenal steroid. The results with 
aldosterone are summarized in Tables 6 and 7, and with deoxycorticosterone 
in Table 8. Neither drug appeared to have any effect acting alone, and neither 
appeared to interfere with the action of digoxin. 


The number of carrier sites 

Since the cardiac glycosides appeared to act on the carrier mechanism even 
at dilutions at which relatively few molecules of drug were present, it looked 
as though an estimate of the number of sites carrying ions might be derived 
from measurements of the inhibition produced by small amounts of glycoside. 
To argue from the number of molecules of inhibitor to the number of sites 
inhibited is justifiable, provided that each molecule of inhibitor can inhibit 
only one site; an alternative possibility is that each inhibitor molecule can 
pass from site to site inactivating irreversibly each site visited. There are two 
_ ways of deciding between these possibilities. 

(i) Reversibility: the ‘site to site’ theory depends on the supposition that 
the carrier sites remain inactive after the inhibitor molecules have left them. 
If the inhibition is reversible this theory can be excluded. Irreversibility is 
compatible with either theory. 

(ii) The effect of very small amounts of inhibitor: on the ‘site to site’ 
theory, any amount of inhibitor, no matter how small, should cause maximal 
inhibition given sufficient time and assuming that the inhibitor is not destroyed. 
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In practical terms this means that as long as any inhibitor is present, in- 
hibition should go on increasing until it becomes maximal, i.e. so great that 
inhibition is not increased by adding more inhibitor. On the ‘one molecule, 
one site’ theory it should be possible to choose an amount of inhibitor which 
gives submaximal inhibition no matter how long it is allowed to act. Experi- 
ments will now be described which were designed to test each of these points. 


Taste 6. Effect of aldosterone (electro-cortin) on potassium influx. 
Expt. no. TV. 3. Duration 1 hr 


Additions to medium K influx 
(conen. of steroids in g/ml.) (m-mole/l. cells/hr) 


0-4% (v/v) ethanol 2-69 
10-* aldosterone + 0-4% ethanol 2-74 
5-7 x 10" digoxin + 0-8% ethanol 1-06 


10-* aldosterone + 5-7 x 10-" digoxin + 0-8% ethanol 1-01 


Tasie 7. The effect of aldosterone (electro-cortin) on sodium efflux. 
Expt. no. DB. 1. Duration 27 min 


Additions to medium Na efflux 
(conen. of steroids in g/ml.) (m-mole/l. cells/hr) 
01% (v/v) ethanol 3-02 


10-* aldosterone + 0-1% ethanol —* 
1% ethanol 3-35 
10- aldosterone + 1% ethanol 3-28 


* Flask broken. 


Tas_e 8. The effect of deoxycorticosterone on potassium influx. Expt. no. GCH. 1. 
Duration 1 hr. 0-5% v/v ethanol present in all flasks 


Additions to medium K influx 
(g/ml.) (m-mole/1, cells/hr) 

None 2-22 

10-* deoxycorticosterone 2-22 

10-* digoxin 0-666 


10-* deoxycorticosterone + 10~* digoxin 0-574 
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Reversibility. Experiments were carried out to see if the inhibition of potas- 


_ sium influx in cells exposed to scillaren A could be reversed by washing. It was 


found that several washes in rapid succession caused very little reversal, but 
the same number of washes alternated with periods of incubation in the wash 
fluid led to a considerable decrease in inhibition—see Table 9. The slow 
recovery might have been caused by the gradual re-formation of some substance 
destroyed or inactivated by the inhibitor, or, more simply, it might have 
resulted from a slow loss of inhibitor from the cells. Slow loss is perhaps the 
more likely explanation since, as will be shown later, uptake of cardiac 
glycosides by the cells also seems to be a slow process. 


TaBxE 9. Slow recovery after exposure to scillaren A. Expt. no. TV. 3 


K influx Inhibition 

Pre-treatment of cells (m-mole/l. cells/hr.)  (%) 

None 3-12 _ 
3-01 

1 hr with equal vol. soln. containing 4 x 10-* 1-05 66 
g/ml. scillaren A 1-04 

1 hr with scillaren A, then six 20 min washes 1-79 43 
each with 3 vol. of glucose-Ringer at 37°C 1-66 


The effect of very small amounts of inhibitor. The effect of low concentrations 
of scillaren A on potassium influx was measured. Samples of washed cells 
were incubated with equal volumes of glucose-Ringer’s solution containing 
3-3 x 10-* g/ml. of scillaren A, for periods of from 0 to 4 hr. The cells were 
then washed rapidly twice and incubated for 1 hr with glucose-Ringer’s 
solution labelled with “K. Cells that had not been treated with scillaren were 
incubated at the same time as a control. To determine maximal inhibition, 
a third lot of cells was incubated for } hr with 10-* g/ml. scillaren, and then 
for 1 hr with a solution labelled with “K and containing 10~ g/ml. scillaren. 
In fact, with this concentration of scillaren maximal inhibition commences 
practically at once and the pre-treatment was probably unnecessary. To show 
that inhibitor was still present in the original incubating solution at the end 
of 4 hr, a sample of the supernatant was kept and its scillaren content assayed 
by a method to be described in the next section. 

The results of this experiment are summarized in Fig. 5. They show that, 
with the low concentration of inhibitor used, inhibition increases with time 
at first, but then becomes constant at a level far below that produced by 
excess of inhibitor. Since this levelling off is not due to the disappearance of 
the inhibitor, it indicates that a given concentration of inhibitor can cause 
only a limited amount of inhibition, even given an unlimited time in which 
to act. 

The time course of inhibition. In the experiment described in the last section 
inhibition developed quite rapidly in the first hour and then levelled off 
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during the next hour or two. It appeared possible that the explanation of 
this gradual onset lay in the slow uptake of inhibitor from the solution 
containing it. To test this, samples of cells were incubated with equal volumes 
of glucose-Ringer’s solution containing scillaren for periods of time ranging 
from 10 min to several hours. At the end of the periods of incubation, which 
were 80 arranged that they all finished at the same time, the suspensions were 
centrifuged and the cells and supernatants separated. The cells were quickly 


100 


Maximal inhibition 


Inhibition of K influx during test period (%) 


L i i j 
60 120 180 240 
Duration of exposure (min) 

Fig. 5. The inhibition of potassium influx during a 1 hr test period following exposure to 
3-3 x 10~* g/ml. scillaren A for the time shown on the abscissa. Expt. no. KMH. 1. Haema- 
tocrit during period of exposure of inhibitor ca. 50%. Assay of the solution containing 
scillaren A at the end of 240 min showed that ca. 46% of the drug was still present. 


washed, and the degree of inhibition in the cells of each batch was measured 
as described in the last section. The supernatants were analysed for potassium 
by flame photometry, and calculated amounts of **K-labelled glucose-Ringer’s 
solution were added, so that the final concentration of potassium was the 
same in all the flasks and the specific activity in each flask was known. 
Small fixed volumes of fresh cells were now added to these solutions at 37°C, 
and also to a series of flasks containing “*K-labelled glucose-Ringer’s solution 
with scillaren concentrations ranging from zero to the concentration in the 
solution used in the first part of the experiment. The uptake of “K during 
1 hr was measured and the potassium influx calculated. From the potassium 
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influx in the cells incubated with known concentrations of scillaren, a curve 
was drawn from which, knowing the potassium influx, the scillaren concen- 
trations in the other solutions could be estimated. Working backwards, it was 
possible to calculate the concentration in the supernatants before the addition 
of “K Ringer’s solution, and hence the amount of scillaren taken up by the 
original cells, The results are shown in Fig. 6. It is clear that the uptake of 
scillaren from the solution is slow, and that this could account for the gradual 
onset of inhibition. 


100 100r 
2 ; 
52” 
5 £ 
= 25r 
30 60 90 120 30 60 90 120 
Duration of exposure (min) Duration of exposure (min) 


Fig. 6. The uptake of inhibitor and onset of inhibition. Expt. no. QW. 1. Haematocrit during 
period of exposure to scillaren A ca. 50%. Initial concn. of scillaren A, 2 x 10-* g/ml. 


Of course, what this experiment really measures is not uptake of scillaren 
but disappearance of inhibitory activity from the suspension medium. It is 
conceivable that the decrease in activity was brought about not by uptake 
but by inactivation of the inhibitor or adsorption of the inhibitor on to the 
walls of the flasks. The former hypothesis does not explain why the apparent 
uptake seemed to level off with a large amount of inhibitor still present. The 
latter can be excluded since the activity of a solution of scillaren was found to 
be unaffected by incubation at 37°C for several hours in a glass vessel. 

The results shown in Fig. 6 can be a little misleading since they suggest a 
stoichiometrical relationship between the degree of inhibition and the amount 
of inhibitor taken up. This appearance arises from the fact that, with the very 
low concentration of scillaren used, the amount taken up was the factor 
limiting inhibition throughout the experiment. With a scillaren concentration 
of 4x 10-? g/ml. inhibition of potassium influx measured over the first hour 
of exposure is 95% of maximal—see Fig. 4—so that maximal inhibition 
presumably develops within the first few minutes, The uptake of scillaren is 
shown in Fig. 7. 

It is not possible to say, from these uptake experiments, where the inhibitor 
that disappears from the outside solution goes. One possibility is that the 
glycoside diffuses slowly into the cell and acts only when it is inside. This is 
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compatible with the observation—see Figs. 6 and 7—that increasing the 
external glycoside concentration increases the rate of uptake of glycoside but 
leaves the half-time of entry about the same. It cannot be the whole story, 
however, because in every uptake experiment that has been done, the final 
uptake with a 50°%, haematocrit has been greater than 50%. With cell water 
occupying, say, 64% of the cell volume, equilibration between extra- and 
intracellular fluid should lead to an uptake of only 38%. It is possible that 
investigation of the uptake of cardiac glycosides by ghosts would clarify the 
position, but for the moment questions about the fate of the inhibitor must 
be left undecided. 


3 


Inhibitor taken up (%) 


i i i i =| 


1 2 3 4 5 


Duration of exposure (hr) 
Fig. 7. Uptake of scillaren A from a solution containing 4 x 10~’ g/ml. of the drug. 
Expt. no. IMG, 8. Haematocrit ca. 50%. 


The number of carrier sites. The results of the experiments on reversibility 
are compatible with both the ‘one molecule, one site’ and the ‘site to site’ 
theories. The results with very low concentrations of inhibitor make the ‘site 
to site’ theory untenable. It is therefore justifiable to use the results shown 
in Fig. 5 to obtain an estimate of the number of carrier sites. This will, of 
course, be a maximum estimate since there is no reason to suppose that every 
molecule of inhibitor taken up is engaged in inhibiting a carrier site. In the 
experiment illustrated by Fig. 5 there were present only about 600 molecules 
of scillaren per red cell. (A cell density of 5 x 10® red cells per mm is assumed.) 
This amount of inhibitor was sufficient to inhibit 40% of the potassium 
influx; an excess of inhibitor inhibited 819%. From these figures it looks as 
though that component of potassium influx which is sensitive to scillaren— 
about four-fifths of the whole—does not involve more than about 1200 carrier 
sites. (The small component of potassium influx which is not inhibited by 
scillaren is rather a puzzle since it is too big to be accounted for entirely by 
the ‘linear part’ of the influx. Whether it represents yet a third component, 
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or the cardiac glycosides do not completely inhibit each site, or a few sites 
are resistant to inhibitor, it is not possible to say.) The figure of 1200 allows 
for all the inhibitor molecules present. If the estimate of the fraction of in- 
hibitor taken up is correct, the answer should be 54% of 1200 or under 700. 
The results shown in Fig. 6, which are from an experiment using a slightly 
greater concentration of scillaren, lead to an estimate of about 2700 for the 
maximum possible number of sites. All these figures are remarkably low; 
it will be shown later that they are not impossible. 


Cardiac glycosides as competitive inhibitors 
It is fundamental to the argument given in the last section that the cardiac 
glycosides act on the carrier mechanism and not on the energy supply. The 


_ evidence for this view that has been presented above may be summarized by 


saying that the glycosides inhibit fluxes which are ‘downhill’ and which are 
not affected by the absence of glucose. It is convenient now to describe an 
experiment which provides independent evidence for the direct action on the 
carrier mechanism, and which suggests what this action might be. 

In Fig. 2, showing the effect of digoxin on potassium influx at different 
external potassium concentrations, the linear portions of the two curves 
converge significantly. This might be explained by supposing that digoxin 
had some slight stimulating effect on the linear component of potassium 
influx, that is, that it made the membrane more leaky. A more interesting 
theory was suggested by Widdas (private communication). He pointed out 
that the difference between the two curves gives a measure of digoxin inhibition 
at each potassium concentration, and that this inhibition decreased at high 
potassium concentration. This behaviour would be expected if potassium and 
digoxin competed for the same sites so that excess potassium displaced 
digoxin and reversed the inhibition. To decide between these two theories the 
following experiment was performed. 

Potassium influx was measured over a range of potassium concentrations, 
in the absence of inhibitor (control series), in the presence of a very low con- 
centration of inhibitor (2 x 10-* g/ml. scillaren A), and in the presence of a 
very high concentration of inhibitor (10-* g/ml. scillaren A). Since 10~* g/ml. 
scillaren produces maximal inhibition, the influx measurements at this in- 
hibitor concentration gave an estimate of the component of potassium influx 
insensitive to scillaren. The difference between the influx in the absence of 
scillaren and in the presence of excess scillaren gave a measure of the potassium 
influx sensitive to scillaren. The difference between influx at low scillaren 
concentration and in the absence of scillaren gave a measure of the inhibition 
due to the low concentration of scillaren. 

Since the uptake of inhibitor and onset of inhibition are slow at very low 
inhibitor concentrations, the cells were pre-incubated for 3 hr under the 
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conditions in which influx was to be measured. At the end of this time 
“8K was added and its uptake over the next hour was determined. This pro- 
cedure has the disadvantage that the cells in the different flasks are not 
identical at the beginning of the test period; for example the cells subjected 
to high scillaren concentrations will tend to gain sodium and therefore to have 
a higher internal sodium than the uninhibited cells. To minimize the effects 
of differences in internal sodium concentration, the experiment was performed 
on cells which had been cold-stored about 5 days and which therefore started 
with a high sodium content—about 50 mm. 


K influx (m-mole/I. cells/hr) 


External K concn. (mm) 


Fig. 8. The influence of potassium on the inhibitory effect of a very low concentration of scillaren 
A. Expt. no, WAHR. 1. Haematocrit ca. 3%. Cells were incubated with the test solutions 
for 3 hr, *K was added, and the amount of “K which entered during the next hour was 
measured. The lowest curve represents maximal inhibition at each K concen. The short 
horizontal lines indicate the greatest error that could arise from the small increase in K concn. 
produced by the addition of “K. 


If scillaren increases the size of the linear component of potassium influx, 
one would expect the slope of the linear portion of the curve to be at least 
as great with excess scillaren as with the low scillaren concentration. On the 
competitive inhibition theory, reversal of inhibition with increasing potassium 
concentration would be expected at the low scillaren concentration but not 
at the very high concentration. The results obtained are shown in Fig. 8. In 
the presence of excess scillaren the curve at high potassium concentration 
runs parallel with the control curve, showing that the linear component is 
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unaffected. With very little scillaren present, inhibition can be completely 
reversed by increasing the external potassium concentration. 


These results are, qualitatively, strongly in favour of competitive inhibition. Quantitative 
analysis, however, is not satisfactory. If potassium ions and inhibitor molecules compete for 
the same sites with affinity constants equal to K,, and K, respectively, then, if the influx of 
potassium is proportional to the number of sites binding potassium ions, it follows that 


m= 
(K,] +X,, + 


where m, is the influx, excluding that component insensitive to scillaren, & is a constant, and 
[K,] and [J] are the respective concentrations of potassium and inhibitor. A graph of m, 
against [K,] based on this equation cannot be made to fit the experimental results satisfactorily 
over the whole range of potassium concentrations used in the experiment; depending on the 
value of the constants, the theoretical curve is too high at low potassium concentrations or too 
low at high potassium concentrations or both. The discrepancy between the theoretical curve 
and the experimental results is too great to be explained by random error but could be due to a 
systematic error in the experiment. One obvious source of‘ error is the change in potassium 
concentration when “*K is added, but the greatest effect this could have is small—see Fig. 8. 
Another error arises from differences in the sodium content of the various batches of cells at the 
time “*K was added, but the effect of these differences should be to distort the results in the 
opposite direction. For example, the most inhibited cells, having the highest internal sodium, 
should show an influx of potassium greater than they otherwise would, because of the linkage 
between sodium efflux and potassium influx. An error which could be quite large, and which is 
in the right direction to explain the discrepancy, is that which would be produced if the cells 
were not allowed long enough to equilibrate with the potassium and inhibitor before tracer was 
added. The period allowed in the experiment was 3 hr, as the results shown in Fig. 5 suggested 
that this time was adequate for equilibration. But in the experiment whose results are given 
in Fig. 5 the external potassium concentration was 5mm. At higher potassium concentrations 
more of the sites would be occupied by potassium ions, there would be fewer free sites, and equili- 
bration with the inhibitor would be slower. It follows that a time which is adequate for equilibration 
at low potassium concentrations might be inadequate at higher potassium concentrations. This 
idea could be tested by measuring the rate of onset of inhibition with a low concentration of 
inhibitor at different external potassium concentrations. Unfortunately it was not possible to 
carry out this experiment before the work was interrupted. 


DISCUSSION 

The work of Schatzmann (1953) shows that the action of the cardiac glycosides 
on ion fluxes lies beyond the stages of glycolysis or respiration ; the experiments 
described in the present paper suggest that the glycosides act on the ion 
transport mechanism itself rather than on any stage of energy metabolism. 
Further support for this view comes from recent experiments by Whittam 
(personal communication of unpublished data) who finds that digoxin does 
not alter the levels of organic phosphates in fresh or cold-stored red cells, and 
that it does not affect the re-synthesis of ATP by cold-stored cells when they 
are incubated with glucose. 

The experiments with scillaren A suggest that the cardiac glycoside mole- 
cules compete with potassium ions for the carrier sites. In the reaction between — 
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a glycoside molecule and the membrane, it seems likely that the steroid 
portion of the molecule confers the necessary solubility and geometrical 
properties, while the lactone ring provides the ‘active centre’. Contrary to 
earlier views (see, for example, Jacobs, Hoffman & Gustus, 1926), the work 
of Paist, Blout, Uhle & Elderfield (1941), Ruzicka, Reichstein & Fiirst (1941) 
and Ruzicka, Plattner & Fiirst (1941) has now established that the double 
bond in the five-membered ring found in cardiac glycosides from sources 
other than squill is in the «:8 position, just as it is in the squill glycosides. 
This means that all the active glycosides possess unsaturated rings capable 
of showing resonance, the ‘undisturbed’ forms being 


CH— 
\ / | \ / 


Such rings should be partly electophilic in character and should, therefore, 
resemble sodium and potassium ions in that they would be expected to react 
with nucleophilic groups in the membrane. Against this idea is the weak 
activity of hexahydro-scillaren A and of £-propiolactone and y-butyrolactone 
(Kahn & Acheson, 1955). The activity of hexahydro-scillaren A was only 
1/100 of that of scillaren A and may conceivably have been due to the presence 
of traces of the unsaturated compound. f-Propiolactone and y-butyrolactone 
were effective only in concentrations of about 10-*m and this is so much 
higher than the concentration of any cardiac glycoside necessary to cause 
inhibition that one wonders whether the two groups of substances act in the 
same way. 

Cavallito & Haskell (1945) and Hauschka, Toennies & Swain (1945) have 
described reactions between a number of unsaturated lactones and reagents 
containing sulfhydryl groups. The general equation for these reactions is 


It is possible that the cardiac glycosides react in this way with sulfhydry! 
groups in the cell membrane, but ultra-violet absorption measurements 
(unpublished) failed to show any sign of interaction in vitro between aqueous 
solutions of digoxin and of glutathione or cysteine. Furthermore, the effects 
on red cells of the known sulfhydryl reagents, iodoacetate (Maizels, 1951), 
N-ethyl maleimide and p-chlormercuribenzoate (unpublished data), are quite 
different from the effects of the cardiac glycosides. 

Whatever the reaction between cardiac glycoside and active sites may be, 
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to fit the experimental facts it is necessary to suppose that the affinity of 
the active sites for, say, scillaren A is about six orders greater than the affinity 
for potassium ions. The affinity is determined only by the ratio of the velocity 
constants for the formation and dissociation of the complex between site and 
inhibitor (or site and substrate), and gives no information about the individual 
velocity constants. The kinetic studies, however, show that the uptake and 
dissociation of scillaren must be very slow, presumably because of the high 
molecular weight and steric effects. The results with allo-emicymarin show 
the importance of configuration. 

It is difficult to interpret the resemblance between the cardiac glycosides 
and the mineralocorticoids. This resemblance is not restricted to chemical 
structure. Zwemmer & Lowenstein (1940) and Zwemmer, Lowenstein & 
Pines (1940) found that injections of strophanthin in oil (15 ng/kg) prelonged 
the life of adrenalectomized cats, and protected normal cats, rats and mice 
from the effects of insulin and of potassium administration. In normal 
animals injection of strophanthin caused a rise in blood sugar and a fall in 
plasma potassium, both effects developing within a few minutes. The experi- 
ments described in the present paper failed to provide any evidence of a 
connexion between the mineralocorticoids and the cardiac glycosides, but it 
is a well known and puzzling fact that in brief experiments in vitro the effects 
of the mineralocorticoids on ion movements have always been found to be 
relatively slight, and this is true even of so potent a substance as aldosterone 
(Fliickiger & Verzar, 1954). The adrenal steroids are known to undergo rapid 
interconversion in the animal body, and it has been suggested that the dis- 
crepancy between their actions in vivo and in vitro is due to the formation 
in vivo of more potent substances. If this were so then it is conceivable that 
compounds like the cardiac aglycones were involved. Steroids with an unsatu- 
rated lactone ring in the C,, position have been described only once in animal 
tissues but this may be because they have not been looked for more often. 
The one situation in which they have been reported is in the skin of toads, 
where they are found in combination with peptides in bufotalin and bufotoxin. 
These poisons are generally thought to render the animal distasteful to 
predators, and they doubtless do this, but it is not impossible that their 
presence was originally related to the ion pumping activity of amphibian 
skin. It would be interesting to know the precursors and metabolic fate of 
the toad poisons. 

A problem rather divorced from the main theme of this paper, but to which 
the experimental findings are relevant, concerns the mode of action of the 
cardiac glycosides on the heart. Largely owing to the very dramatic clinical 
effects of digitalis and squill, this problem has received a great deal of attention, 
and attempts to solve it date almost from the time of Withering. Most of 
the earlier workers sought an effect on energy metabolism—see the review by 
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Wollenberger (1949)—but while many of them showed that energy yielding 
reactions were increased, it was never proved that this was the primary effect. 
Ellis, in 1953, showed that provided sufficient energy was available the response 
of a hypodynamic frog heart to strophanthin occurred whether that energy 
came from oxidative metabolism or glycolysis. He concluded that the action 
of strophanthin occurred at the stage of energy utilization. Horvath, Kiraly 
& Szerb (1949) and Snellman & Gelotte (1950) have described an effect of 
cardiac glycosides on the viscosity of cardiac actin solutions, and have suggested 
that an effect on the polymerization of actin is the basis of the cardiotonic 
action. Wollenberger (1954), however, found that the molecular requirements 
for an action on the viscosity of actin solutions were less strict than those 
for cardiotonic action, and far higher concentrations were necessary to pro- 
duce the effect on viscosity. The molecular features found to be necessary for 
an effect on the ion fluxes in red cells, in the experiments described in the present 
paper, are just those that Wollenberger found to be necessary for cardiotonic 
action. Furthermore, the concentration of glycoside necessary for the two 
effects is of the same order. The question therefore arises: might the cardio- 
tonic action be primarily a membrane effect, the augmented contraction 
being secondary to an altered pattern of activity in the overlying membrane? 
An altered pattern of activity in the membrane is certainly suggested by the 
electrocardiogram, but whether such changes could alter the force of contraction 
depends on whether events in the membrane merely trigger the contraction 
or maintain and control it throughout its course. In heart muscle, where the 
time courses of the electrical and mechanical events are similar, the second 
possibility seems not unlikely, but even in skeletal muscle the recent work of 
Hill & Macpherson (1954) with NO,-, Br-, and I- suggests that the contraction 
can be modified throughout its course by events in the membrane. 

Before this discussion is concluded the plausibility of the estimate of the 
number of carrier sites, reached earlier, must be considered. It is perhaps 
worth mentioning here that the estimate does not depend on the hypothesis 
that the cardiac glycosides act as competitive inhibitors; it assumes only that 
the glycosides act on the carrier mechanism in such a way that a single glyco- 
side molecule can inhibit only one carrier site. The evidence for this view has 
been given. It was argued that the number of sites responsible for the major 
fraction of the potassium influx could not be greater than about 1000 per red 
cell. This figure seems remarkably small but a number of considerations suggest 
that it is not unreasonable. 

If the entry of each potassium ion depends on the diffusion or rotation or 
distortion of some carrier molecule, then the time taken for each ion to enter 
cannot be less than about 10-* sec—i.e. of the order of the molecular relaxation 
time of the carrier molecule. A thousand sites each transporting 10° ions/sec 
would cause an influx of roughly 10* m-mole/l.cells/hr. Of course, each site 
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is unlikely to be continuously engaged and the transit time may well be much 
greater than 10-* sec but even so there is a very considerable margin in hand. 

Another way of looking at the problem is to consider what area of mem- 
brane would need to be permeable if the whole of the potassium influx were 
to be accounted for by free diffusion. If the membrane is 50A thick and the 
concentration of radio-potassium is taken to be zero at the inside surface and 
equal to that in the bulk of the suspension medium (say 5 mm) at the outside 
surface,* then the area of pore necessary to account for an influx of 
2 m-mole/l.cells/hr is less than 10-*sq.A. (This figure is derived from Fick’s 
equation on the assumption that the diffusion constant for potassium is 
1-5 x 10-* and of course ignores the finite size of the potassium 
ion.) Considerations of diffusion, then, provide no reason why even one carrier 
site per cell should not suffice. 

Finally, the flux of potassium may be compared with that of chloride. 
Even at very low potassium concentrations, when the apparent permeability 
of the cell membrane to potassium ions is highest, the magnitude of this 
apparent permeability is only about 1/10’ of the permeability to chloride. 
Furthermore, the observations of Edelberg (1952) on the effect of small 
quantities of tannic acid on the rate of haemolysis of red cells in ammonium 
chloride solutions suggest that only a very small fraction of the area of the 
membrane is actually involved in chloride penetration. If the potassium- 


‘ specific areas were as efficient—calculated on a flux per area basis—as the 


chloride-specific areas, only some small fraction of 1/10’ of the total area 
would need to be involved in potassium penetration to account for the ob- 
served flux. It may well be that, area for area, the potassium-specific sites 
are much less efficient, but since 1/10? of the total area is only 1200 sq.A, the 
difference in efficiency could be very considerable without being incompatible 
with the idea of 1000 carrier sites. 

There seems to be no reason, then, to reject the estimate of the maximum 
number of carrier sites derived from the scillaren data. One has, of course, 
no idea of the size of a carrier site, but on any reasonable estimate it is difficult 
to avoid the conclusion that only a minute fraction of the cell surface can be 
employed in ion transport. 

It is too early to say whether the cardiac glycosides are likely to prove as 
useful in the investigation of cation transport as have other specific inhibitors 
in other fields of physiology. In red cells the cardiac glycosides have been 
used to obtain an estimate of the number of carrier sites; whether they can 
provide any information about the nature of these sites remains to be seen. 
An attempt should obviously be made to find which fraction of the cell 

* Appli expression given by Carslaw & J 1947) for the temperature gradient 
this will be roughly true. 
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substance is responsible for binding the inhibitor that is taken up, but to carry 
this analysis very far rather sensitive analytical techniques will be required. 
The problem of identifying the ‘carriers’ has never seemed easy; the fact 
that there are likely to be so few on each cell does not make it any easier. 


SUMMARY 


1. Cardiac glycosides in very low concentrations inhibit the movements of 
sodium and potassium ions across the human red cell membrane. 

2. Among the fluxes inhibited are some which are ‘downhill’ and which are 
unaffected by removal of glucose from the cells ; this suggests that the inhibitors 
act on the transport mechanism itself rather than on the energy supply to 
the pump. 

3. Detailed study of the inhibition of potassium influx by scillaren A suggests 
that inhibitor molecules and potassium ions compete for the same sites. 

4. From the effects of very small amounts of scillaren A on potassium 
influx, it is estimated that the number of sites responsible for the major part 
of the potassium influx cannot be greater than about 1000 per cell. 

5. Investigation of the actions of a number of substances related to the 
cardiac glycosides has made it possible to define certain molecular features 
which seem to be necessary for the action on the ion fluxes. 

6. Aldosterone and deoxycorticosterone appear to be without effect on 
ion movements. They neither increased nor reversed the effects of the cardiac 
glycosides. | 

7. The relevance of these findings to the action of cardiac glycosides on 
heart muscle is discussed. 


I wish to thank Professor T. Reichstein of Basle and Professor A. Stoll of Basle for samples 
of glycosides, and Lord Adrian and the Trustees of the Ciba Foundation for a small quantity 
of aldosterone. Most of the work was done during the tenure of a Medical Research Council 
Scholarship. Expenses were met out of a grant from the Nuffield Foundation. 
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THE LOCATION OF ATRIAL RECEPTORS IN THE DOG: 
A PHYSIOLOGICAL AND HISTOLOGICAL STUDY 
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The patterns of discharge from atrial receptors in the cat have been well 
described (Amann & Schaefer, 1943; Jarisch & Zotterman, 1948; Whitteridge, 
1948; Dickinson, 1950a; Neil & Zotterman, 1950; Paintal, 1953a), but only 
some of these workers have given attention to the precise location of the 
receptors initiating these discharges (Jarisch & Zotterman, 1948; Paintal, 
1953a). Much less is known about similar receptors in the dog (Dawes & 
Widdicombe, 1953; Henry & Pearce, 1956) although technically, because of 
size, it should be easier to perform experiments to locate them and to make 
clear their physiological significance. 

Various types of subendocardial and perimuscular formations have been 
described in the heart and great veins of the cat and the dog (as summarized 
by Mitchell, 1956). However, despite this information, our knowledge of the 
atrial receptors is incomplete because previously physiological and anatomical 
studies have been pursued independently, and, as far as it is known, no 
experiments have been performed to identify histologically the receptor whose 
impulses were being recorded. 

Recently, experiments have been carried out in this laboratory to investigate 
the physiological mode of stimulation of receptors situated in the heart and 
great vessels of the dog and the reflex effects produced by their stimulation, 
particularly with reference to the regulation of the heart rate (Coieridge & 
Linden, 1955a, 6). The work now to be described has been concerned with the 
possibility of accurate localization of receptors in atrio-venous tissues and 
with their histological identification. Action potentials have been recorded 
from slips of the vagus nerves and, after localization of the site of origin of 
these impulses, histological studies have been carried out. 

A preliminary account of these findings has already been given (Coleridge, 
Hemingway, Holmes & Linden, 1956; Holmes, 1956a, 5). 
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METHODS 


Successful experiments were carried out on seventeen dogs varying in weight from 11 to 27 kg. 
After an initial subcutaneous injection of morphine sulphate (3 mg/kg), the dogs were anaes- 
thetized 1 hr later by an intravenous injection of 0-25 ml./kg of a 1:1 mixture of Dial-urethane 
(allobarbitone-urethane, Ciba) and sodium pentobarbital solutions. After another hour this was 
followed by a second injection of morphine sulphate (1-5 mg/kg subcutaneously). 

A cannula was inserted low down in the trachea, and the lungs were ventilated by a Starling 
‘Ideal’ pump. The sternum was split in the mid line, and the internal mammary vessels were 
ligated and cut. The cut edges of the sternum were retracted widely to give a good exposure of 
the heart. To facilitate the subsequent localization of receptors, the pericardium was opened in 
the mid line and the pericardial edges were sewn to the chest wall to form a cradle supporting 
the heart. Soft string ligatures were passed round the superior and the inferior venae cavae 
about 1 cm outside the pericardium and also round the main pulmonary arterial trunk; care 
was taken not to include any nerves in the ligatures. Snares were formed round the vessels by 
passing the ends of the ligatures through short lengths of polythene tubing. 

Optical registration of cardiovascular pressures and of respiration was carried out with mano- 
meters previously described (Coleridge & Linden, 1954). Right atrial pressure was recorded with 
a cannula inserted through the right external jugular vein. In some experiments arterial blood 
pressure was also recorded from the ascending aorta with a cannula inserted through the left 
common carotid artery. Respiration was recorded with an air-filled system attached to a side arm 
on the tracheal cannula. Although cannulae should be clamped rigidly for perfect optical regis- 
tration of pressures, this condition had to be sacrificed to some extent to leave room for the 
microscope and for the dissection of vagal fibres; it was also essential to have good access to the 
heart to carry out the various localization procedures. Hence some optical records showed 
artifacts. This did not decrease the value of the pressure records in so far as they were used 
predominantly for the timing of the events in the cardiac cycle. 

In general, the technique of dissection of the cervical vago-sympathetic trunk followed that 
previously described (Whitteridge, 1948; Paintal, 19535). The skin edges of a mid-line incision 
were retracted to form a trough, and the carotid sheath was exposed. The nerve trunk was 
separated from the carotid artery and laid on a black Perspex platform. In early experiments 
the nerve was approached by cutting a window in the front of the sheath but this method had 
to be abandoned because of profuse bleeding. In the later experiments complete haemostasis 
was achieved as follows: any vessels running over the surface of the sheath were tied off on each 
side of the platform; the sheath was removed completely from about 1-5 cm of the nerve; and 
the cut ends of the sheath were packed off with small pledgets of cotton-wool. Warm liquid 
paraffin was poured into the trough when bleeding had been checked. A nerve bundle was cut 
from the nerve trunk with a knife made from a fragment of safety-razor blade and, after being 
separated downwards, was laid on the silver electrodes. Functional single-fibre preparations 
were obtained by repeated subdivision of the original nerve bundle. When making single-fibre 
preparations in the eat, it seems to be the usual practice to subdivide the original nerve bundle 
with fine needles or razor-blade knives (Whitteridge, 1948; Paintal, 19536). However, in the dog 
it was found to be considerably more difficult to obtain a clean separation of nerve fibres either with 
needles or knives—possibly because of the relatively greater amount of connective tissue within 
the substance of the nerve. More single-fibre preparations were obtained when the bundles were 
split as follows. The original fascicle was taken off the electrodes and laid without bending on 
the black platform; the end was gently teased apart and grasped with two pairs of fine forceps; 
the bundle was then split by gently separating the forceps. This subdivision was repeated until 
a functional single-fibre preparation was obtained. Most of the dissection was undertaken with 
a binocular microscope (magnification x 10-30). It was found necessary to carry out this dis- 
section after opening the chest. The technique of isolating the atrial fibres first and then opening 
the thorax to identify the site of the receptor, employed successfully by Paintal (1953a) in 
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the cat, was attempted in some of our early experiments. However, this method was abandoned 
because either the fragile single-fibre preparation was pulled off the electrodes by the movements 
unavoidably associated with the opening of the chest, or the fibre was no longer active by the 
time the chest and pericardium had been opened and snares placed round the vessels. 

The action potentials were amplified by a conventional R-C coupled amplifier and were displayed 
with an e.c.g. on a double-beam cathode-ray tube. By suitable optical systems a combined 
photographic recording was effected of the two oscilloscope traces, the beams from the optical 
manometers, a 50 o/s time trace and a signal marker. A loudspeaker and a second oscilloscope 
with the sweep triggered by the R wave of the e.c.g. aided the preliminary analysis of the discharge. 

Receptors were located approximately by tightening, in turn, the ligatures around the superior 
and inferior venae cavae and the pulmonary artery. Right and left atrial receptors which had 
been distinguished by occlusion of the pulmonary artery were further localized by finger pressure 
on the outside of the veins and atria. A more accurate localization was then carried out. A fine 
glass rod was inserted through a small incision in the atrial appendage; leakage of blood was 
prevented by a purse-string suture. The interior of the atrium and the venous orifices were then 
explored with the tip of the glass rod to find the point which, when pressed, gave a maximal 
discharge in the single-fibre preparation. 

With the method described so far, it was usually possible to localize the receptor to a smal] 
area of atrio-venous wall, not more than 1-2 cm in diameter; but in order to limit an area for 
subsequent histological examination it was necessary to obtain a punctate localization. Because 
of the anatomical disposition of the great veins and atria, this was only possible if the heart 
was opened and the atrio-venous cavities exposed widely. This final stage in the functional :denti- 
fication of the site of the receptor was attended with several difficulties. Although a single-fibre 
preparation sometimes continued to discharge in response to an appropriate stimulus for several 
minutes after the animal had been killed, on other occasions the fibre soon became inactive. 
Any movement was likely to displace the fibre from the electrodes. Also the dissection of the 
heart had not to be obscured by blood. The technique evolved was as follows. The point of approxi- 
mate localization was marked by fine Spencer Wells forceps. The dog was deeply anaesthetized 
by the intravenous injection of several ml. of sodium pentobarbital solution. The abdominal wall 
was opened in the mid line, and the abdominal aorta and inferior vena cava were cut across; 
the dog bled to death into the abdominal cavity which was packed with cotton wool. Depending 
on the previous determination of the site of the receptor, the right or left ventricle was opened 
from the apex towards the atrio-ventricular ring, and the incision was carried through the atrio- 
ventricular orifice into the anterior wall of the atrium. The atrium was opened widely and held 
by several forceps. After blood had been mopped up, the interior of the heart was explored with 
the tip of the glass rod to find the point from which a continuous high-frequency discharge 
could most easily be elicited. If the preliminary exploration of the venous orifices indicated 
that the receptor lay in a vein rather than in the body of the atrium, the vein was opened up and 
explored. In addition to pressure with the end of the glass rod, receptors were also stimulated 
by localized stretching of the wall between the fine forceps. 

Finally, the point stimulated was marked accurately with fine threads and the whole region 
was removed and fixed in 10% formalin for 3-5 days. Smaller pieces which included the localized 
receptor areas were then embedded in paraffin, sectioned serially at 15, and impregnated with 
silver according to the technique of Holmes (1947). Sections were usually cut in a plane at right 
angles to the wall, but the curvature which persisted in some specimens caused these to be cut 
tangentially. 

In addition to the examination of the localized areas, a wider survey was made, in other dogs, 
of the atria and veins after they had been stained by the methylene blue method described by 
Mitchell (1953). 
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RESULTS 
Initial selection of atrial fibres 
It was necessary to differentiate atrial fibres from other fibres whose discharge 
showed a cardiac rhythm. The two commonest types of fibre with a cardiac 
rhythm encountered in these experiments were arterial baroceptor fibres and 
fibres arising from pulmonary stretch receptors which, in addition to the 
characteristic continuous discharge during inflation, showed a discontinuous 
cardiac rhythm with intervals of silence. These were identified and discarded. 


Text-fig. 1. Fibres from two pulmonary stretch receptors showing an adventitious cardiac dis- 
charge. A shows a volley during late ventricular systole; B shows a discharge during atrial 
systole. In this and in subsequent figures the following abbreviations are used : e.c.g., electro- 
cardiogram; P, action potentials in vagal slip; t, time trace (5 sec); R, tracheal pressure 
(upstroke representing inflation); Z, zero reference line; RAP, right atrial pressure (cm H,0); 
8, signal marker. In B the spikes have been retouched to aid reproduction. 


Arterial baroceptors. In the majority of cases these were identified easily 
by their characteristic pattern of discharge and by their relationship to the 
e.c.g. Typically they showed an initial crescendo of impulses in early systole 
followed by a diminuendo, whereas the late systolic discharge in atrial fibres 
usually showed a gradual increase in frequency which reached its peak about 
the summit of the ‘v’ wave of the atrial pressure curve. 

Pulmonary stretch receptors. Pulmonary stretch receptors which showed a 
discharge with both a respiratory and a cardiac rhythm have been described 
previously in the cat (Adrian, 1933; Whitteridge, 1948). That lung receptors 
might show an adventitious cardiac rhythm is to be expected since structures 
near the lung roots will be deformed by pulsations of the heart and great 
vessels; also, receptors within the substance of the lung may well be stimu- 
lated more directly by pulsations transmitted from the small branches of the 
pulmonary artery. | 
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These adventitious cardiac rhythms were found at different phases of the 
cardiac cycle (Text-fig. 1 A, B). Though most of them occurred in late 
ventricular systole (A), some fibres showed a burst of impulses during atrial 
systole (B). Hence these ‘bogus’ cardiovascular rhythms were often a nuisance 
when looking for fibres with a true atrial rhythm. However, as others have 
reported, the true nature of the discharge in these fibres was at once apparent 
in the majority of cases when the lungs were inflated: the adventitious 
cardiac rhythm became less obvious and the respiratory rhythm became 
dominant (Text-fig. 1). 

After the elimination of obvious respiratory and arterial baroceptor fibres, 
twenty-five functional single-fibre preparations, showing what were thought 
to be patterns of discharge characteristic of atrial receptors, were isolated 
from the cervical vagus. Seventeen of these fibres were localized subsequently 
to the atrio-venous junctional regions. 


Patterns of discharge in atrial fibres 

As a result of his observations on the cat, Paintal (1953a) divided atrial 
receptors into two types. Type A, which were said to respond to changes in 
atrial pressure, characteristically showed a discharge of impulses in time with 
the pressure wave developed in atrial systole; they also showed a more variable 
burst of activity corresponding with the ‘v’ wave of the atrial filling phase. 
On the other hand, type B, which Whitteridge (1948) and Pearce & Whit- 
teridge (1951) had thought previously to be pulmonary vascular receptors, 
were said by Paintal to be atrial receptors which discharged in response to 
atrial distension. The characteristic pattern of discharge in this second group 
of fibres was a late systolic burst of impulses corresponding approximately 
with the atrial ‘v’ wave. 

In the present series of experiments on dogs, as far as the time relationships 
of the discharges were concerned, the patterns of impulse activity appeared 
to fall into the two groups described by Paintal. 

In three fibres (all subsequently located to the right side of the heart) 
there was a discharge of impulses in time with the ‘a’ wave in the atrial 
pressure record, i.e. corresponding with atrial systole and a decrease in atrial 
volume. These fibres also showed a discharge of impulses during late systole, 
which varied in number and in frequency. Though not always evident, this late 
systolic activity could usually be brought fout by; any procedure which 
caused an [increase in atrial filling (Text-fig. 2). In this experiment, an in- 
travenous infusion of 200 ml. saline brought out a pronounced discharge 
during late systole which became continuous with the discharge at the ‘a’ 
wave. 

Fourteen fibres showed a pattern of discharge whose time relationships 
appeared characteristic of Paintal’s type B atrial receptors (Text-fig. 3); 
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four were localized to the right atrio-venous system and ten to the left. 
The main activity in these fibres occurred as a grouped discharge of impulses 
in time with the atrial ‘v’ wave; in addition, there was occasionally a brief 
burst of impulses coincident with the ‘c’ wave in the atrial pressure record. 
In none of these fibres were there any impulses synchronous with the maxi- 
mum pressure developed during atrial systole, although in five fibres a brief 
burst of impulses of high frequency was seen at the beginning of the atrial 
‘a’ wave. At the usual camera speed, the action potentials in this small 
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Text-fig. 2. Fibre from right atrio-venous system with a pattern of discharge whose time relation- 
ships appeared characteristic of Paintal’s type A atrial fibres. A shows a volley of impulses 
synchronous with the ‘a’ wave in the atrial pressure record; B shows the same preparation 
after a late systolic volley had been brought out by an infusion of 200 ml. 0-9% (w/v) NaCl 
solution into the femoral vein (the signal marker indicates the end of the infusion). The 
camera was running irregularly in B. 


group were superimposed and appeared as a rather thickened single line 
(Text-figs. 3A, 4); however, it was possible to demonstrate the multiple 


nature of the discharge when the oscilloscope was switched over to a faster 
sweep. 

All these discharges showed a pronounced respiratory rhythm whose pattern 
was not always related to the position of the receptor. Though right atrial 
pressure always increased during inflation of the lungs, some right atrio- 
venous receptors showed an increase of activity during inflation (Text-fig. 3B), 
while others showed a decrease (Text-fig. 8A). The same was true of receptors 
on the left side of the heart. 


Because there was not always the expected change in the impulse pattern 
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with variations in atrial pressure, it seemed that Paintal’s classification of 
atrial receptors into two distinct functional groups (one responding to pressure, 
the other to alterations in length) could not be applied to the present results 
obtained in the dog with the chest opened, but any further analysis of this 
problem of the stimulus will not be undertaken in this paper. 


Text-fig. 3. Atrio-venous fibres with patterns of discharge whose time relationships appeared 
characteristic of Paintal’s type B atrial fibres. <A, fibre from left atrio-venous system; 
B, fibre from right atrio-venous system. The brief discharge of high frequency which occurs 
at the beginning of atrial systole in A can be seen as a thickened single line at the height 
of inflation. | 


Localization of atrial receptors 

Occlusion of superior and inferior venae cavae. A reduction in atrial fibre 
discharge always occurred when the ligatures around the venae cavae outside 
the pericardium were tightened; that is, all receptors appeared to be central 
to the occluding ligatures, and there was no evidence of any receptors in the 
extrapericardial part of the venae cavae peripheral to the ligatures. The 
effect of this venous occlusion on both right and left atrial receptors is illus- 
trated by the records shown in Text-figs. 4-6. It can be seen that venous 
occlusion had a marked effect on the impulses at the ‘v’ wave in the atrial 
pressure record, but it had little effect on the brief burst of impulses in time 
with the beginning of the atrial ‘a’ wave (Text-fig. 4). 

As might be expected from what is known about the relative blood flows 
in the great veins (Levy & Blalock, 1937), occlusion of the IVC produced a 
greater effect than occlusion of the SVC. In one experiment the fibre discharge 
was reduced when the snare around the SVC was tightened (Text-fig. 5), but 
it was completely abolished when the SVC ligature was released and that 
around the [VC was tightened (Text-fig. 6). 

Occlusion of pulmonary artery. Occlusion of the pulmonary artery differen- 
tiated clearly between receptors on the right and left sides of the heart, and 
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Text-fig. 4. Effect of occlusion of inferior vena cava on discharge in fibre from right atrio-venous 
system. The onset of occlusion of IVC is indicated by signal marker. Note that the brief 
burst of impulses of high frequency at the beginning of the atrial ‘a’ wave is unaffected by 
occlusion. 


Text-fig. 5. Effect of occluding superior vena cava on discharge in fibre from left atrio- venous 
system. A, normal; B, after occlusion of SVC. The spikes below the base line have been 
retouched to aid reproduction. 


R 


Text-fig. 6. Same fibre as in Text-fig. 5. Effect of occluding inferior vena cava. A, normal; 
B, IVC oceluded at arrow. The spikes below the base line have been retouched to aid 


reproduction. 
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proved to be the most useful single procedure in the initial stages of localization. 
In every experiment in which pulmonary arterial occlusion reduced or abolished 
the discharge the fibre was found subsequently to originate on the left side 
(Text-fig. 7.4), whereas occlusion always resulted in an increased discharge 
in right atrial fibres (Text-fig. 7 B). Opposite effects were observed when the 
pulmonary arterial snare was released. 

Punctate localization. When the receptor had been located to the right or 
left side of the heart, a more detailed search was carried out. The method 
employed can be illustrated best by following a typical functional single fibre 
through the stages of localization. 


A 


Text-fig. 7. Effect of pulmonary arterial occlusion on the discharge in atrio-venous fibres. 
A, fibre from left atrio-venous system; B, fibre from. right atrio-venous system. Signal 
marker indicates onset of pulmonary arterial occlusion. 


Pulmonary arterial occlusion had indicated that the receptor was in the 
right side of the heart. Gentle pressure with the finger on the right ventricle 
and pulmonary trunk elicited no increase in discharge, but there was a pro- 
nounced effect when the right atrium was pressed (Text-fig. 8A, B). A fine 
glass rod was inserted through an incision in the atrial appendage and a 
purse-string suture was tightened to prevent loss of blood. The interior of 
the atrium and the openings of the venae cavae were explored with the tip of 
the rod to find the point from which a discharge could most easily be elicited. 
The result of this exploration can be seen in Text-fig. 8C, which shows the 
alteration in discharge produced by punctate stimulation of the posterior wall 
of the superior vena cava about 1 cm above the atrio-venous junction. 

The animal was killed and the right ventricle and atrium were opened; the 
incision was extended for about 2 cm into the anterior wall of the superior 
vena cava. The cut edges of the atrium and vein were retracted with fine 
forceps, and exploration with the glass rod was continued. Careful stimulation 
confirmed that the receptor lay in the posterior wall of the superior vena cava 
(inside the pericardium) about 1 cm above the atrio-venous junction slightly 
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to the left of the mid line (Text-fig. 94). A marked discharge could also be 
elicited by stretching that part of the caval wall gently between two pairs of 
fine forceps (Text-fig. 9B). Finally the point was pressed again, this time 
with the tip of a needle, and a brief discharge was obtained with a maximum 
frequency of 156 impulses/sec (Text-fig. 9C). This last stimulation may have 
damaged the receptor because, in spite of continued pressure, no further dis- 
charge was obtained. The point was marked with fine threads and the tissue 
taken for histological examination. 


Text-fig. 8. Stages in the localization of an atrio-venous receptor (finally located in posterior 
wall of superior vena cava). The records in A and B are continuous; the right atrium was 
pressed between 1 and 2. C shows the alteration in discharge produced by pressure with the 
tip of a glass rod (inserted through the right atrial appendage) on the posterior wall of the 
SVC about 1 cm above the atrio-venous junction. The respiratory manometer was discon- 
nected in C to give better access to the heart. 


Exact determination of the site of a receptor in the left atrio-venous system 
was found to be rather more difficult. The left atrium and pulmonary venous 
junctions lie behind the heart. Consequently, it was more difficult to determine 
the approximate site of the receptor by external pressure before the heart was 
opened. Furthermore, a much wider exposure was necessary to see the interior 
of the left atrium and veins, and this carried a greater risk of destroying the 
nervous pathways. In addition, there were at least six veins opening into the 
left atrium to be explored. 

Nevertheless, the final localization of three left atrio-venous receptors was 
achieved. In one experiment preliminary exploration had shown that the 
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receptor was situated approximately at the junction of the right pulmonary 
veins and left atrium. The heart was opened, and the tip of the glass probe 
was inserted just inside the orifice of the right lower pulmonary vein (Text-fig. 
10.A): this produced a continuous discharge with a maximum frequency of 
21 impulses/sec. The rod was then pushed a further 1-2 mm into the vein and 
the maximum frequency of discharge increased to 85 impulses/sec. The vein 


Text-fig. 9. (Continued from Text-fig. 8.) Stages in the localization of an atrio-venous receptor 
after killing the animal and opening the right ventricle, atrium and superior vena cava. 
A, pressure with the point of a glass rod on the posterior wall of the SVC about 1 cm above 
the atrio-venous junction. B, wall of SVC stretched twice between two pairs of fine forceps. 
C, pressure with tip of needle on same point as in A; receptor probably damaged and no 
further discharge could be elicited. 
was opened, the cut edges were held with fine forceps, and the endothelial 
surface of the vein was explored carefully with the rod. Gentle pressure on 
the posterior wall, 2 mm proximal to the atrio-venous junction, elicited a 
discharge with a maximum frequency of 127 impulses/sec, whereas gentle 
pressure all round this point had no effect (Text-fig. 10 B). 

Certain details of the technique of localization must be emphasized. It 
was essential both to apply only a localized stimulus and to be able to see 
clearly the region stimulated. These points, though self-evident, appear to 
have been overlooked by some previous investigators who attempted to 
determine the site of atrial receptors (in the much smaller heart of the cat) 
by external pressure with the finger on the intact beating heart. Early in the 
present experiments it was found that pressure with the finger accomplished 
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two things: it most effectively obscured the field of vision and it applied the 
stimulus to a wide area. As a result, misleading observations were sometimes 
made. Furthermore, light pressure with the finger on the left atrium often 
resulted in an appreciable increase in right atrial pressure, and on more than 
one occasion pressure with the finger on the outside of the intact left atrium 


brought about a marked discharge from a receptor which subsequently was 
localized to the right side. 


Text-fig. 10. Final stages in the localization of a receptor in the left atrio-venous system after 
the dog had been killed and the left ventricle and atrium had been opened. The tip of a fine 
glass probe was inserted just inside the orifice of the right lower pulmonary vein: this 
produced a continuous discharge (A); at 1, the probe was pushed a further 1-2 mm into the 
- vein; the probe was completely withdrawn at 2. The vein was opened. B shows the discharge 
produced by punctate pressure (between 1 and 2) on the posterior wall of the vein 2 mm from 
the atrio-venous junction. 


Though external pressure with the glass rod was more satisfactory than 
finger pressure, it also could elicit a discharge from a receptor some distance 
away, if the wall between the point of stimulation and the receptor were 
stretched. This is well illustrated by the following experiment. The discharge 
in one right atrio-venous fibre is shown in Text-fig. 11.4. The lateral wall of 
the right atrium was pressed gently with the tip of the rod: this produced an 
appreciable discharge (B). A similar effect was produced when the atrium 
wap%eld by forceps and the SVC was drawn gently up by another pair of 
forceps, thus stretching the segment of vein and atrium between them (C). 
But it can be seen that although the receptor discharge was augmented in 
response to pressure at a point or to the stretching of a segment of the atrio- 
venous wall, the discharge was discontinuous and had a cardiac rhythm with 
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a silent period roughly at the end of atrial systole. On the other hand, a 
continuous discharge was finally produced by direct stimulation at a point 
on the medial wall of the SVC about 1 cm above the atrio-venous junction (D), 
and it was inferred that the receptor was within the wall beneath this point. 
The position of this receptor was confirmed after the animal had been killed 
and the atrium and cava opened. 
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Text-fig. 11. Impulses in fibre from receptor in wall of superior vena cava. A, normal record. 
B, two punctate stimulations of lateral wall of right atrium. C, junction of SVC and right 
atrium stretched twice between two pairs of fine forceps. D, two punctate stimulations of a 
point lying between the two forceps in the SVC close to the atrio-venous junction. In D, 
the atrial pressure record is distorted because the heart was displaced to give access to the 
SVC; the respiratory manometer was disconnected after A. 


Because of the anatomical disposition of the great veins and atria, receptors 
could only be localized with certainty when these vascular structures had 
been opened up, and this was particularly so in the case of receptors on the 
left side of the heart. A wide dissection was also essential to ensure that 
pressure was not transmitted to structures lying behind the heart and veins. 
This was strikingly demonstrated by the following observations. In one 
experiment localized pressure on the posterior wall of the SVC caused an 
increase in the discharge in a fibre with a pronounced cardiovascular rhythm; 
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after careful exploration the receptor was found to be in a main bronchus 
behind the SVC. In another experiment localized pressure on the posterior 
wall of the left atrium, after the animal had been killed and the heart opened, 
elicited a high frequency discharge from a receptor which was eventually 
found to be located in the anterior wall of the oesophagus. In both cases, the 
adventitious cardiac discharge showed a marked response to such procedures 
as occlusion and release of the pulmonary artery. This was to be expected, 
since these structures were immediately related to the right and left atria. 


Position of atrial receptors | 

For accurate definition of the site of a receptor, we attempted to differentiate 
between ‘vein’ and ‘atrium’. With the heart and vessels in situ the atrio- 
venous junction could be identified with some certainty, and it was possible 
to describe the site of a receptor anatomically according to its position in a 
vein or in the atrial wall. When the heart was opened, the venous orifices 
presented a discrete junction between the diverging walls of the atrial cavity 
and the tubular lumen of the veins into which a rod could be slipped. Never- 
theless, it became difficult subsequently to justify this differentiation on 
histological grounds because of the sheath of myocardium extending from 
the atria into the proximal parts of the venae cavae and pulmonary veins. 

Out of the seventeen fibres whose endings were localized by the procedures 
described, seven were found to arise from receptors on the right side, and ten 
from receptors on the left side of the heart. In the case of ten of the seventeen 
fibres localization of the receptor was carried no further than to the neighbour- 


hood of a particular atrio-venous junction because the action potentials 


disappeared before exact localization had been completed. Therefore it was 
not possible to attempt to identify the receptors histologically. In a further 
seven cases punctate localization was completed after the heart and veins 
had been fully opened and the point of stimulation could be clearly seen. 
The positions of these seven receptors are depicted in Text-fig. 12. Three 
receptors were found in the intrapericardial part of the superior vena cava 
on the posterior or medial wall; and three were located to the right pulmonary 
veins immediately proximal to the atrio-venous junction. Only one receptor 
was localized to the wall of the atrium proper: this was found in the lateral 
wall of the right atrium half way between the superior and inferior caval 
openings. All receptors were found inside the pericardium. 

Because of the disposition of the apparatus, dissection of the right vagus 
was easier than of the left and the latter was examined on only two occasions. 
It is clear that fibres from both sides of the heart pass into the right vagus; 
the receptors in connexion with the two left vagal fibres which were dissected 
were not localized precisely but were thought to be in the left heart. 
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Histological findings 

Silver impregnation. In the seven dogs in which it had been possible to 
determine accurately the site of a receptor, the point which had responded 
to punctate stimulation was carefully marked and was examined histologically 
after silver impregnation. All these specimens, with the exception of one 
from the lateral wall of the right atrium, were from the superior vena cava 
and the pulmonary veins. In these junctional regions the venous and atrial 
walls were histologically indistinguishable : the venous adventitia of connective 
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Text-fig. 12. The position of seven atrio-venous receptors whose site had been determined 
accurately by punctate stimulation. A, right lateral view of heart and great vessels; the 
dotted line indicates the pericardial reflexion on the superior and inferior venae cavae. 
B, posterior view; for clarity, the pulmonary artery has been omitted. 


tissue was continuous with the outer epicardial layer of the heart; a layer of 
cardiac muscle extended for some distance along the veins; and the intima, 
which was thicker than in the extrapericardial parts of the veins, merged 
imperceptibly with the atrial endocardium. Hence the receptor areas examined 
_ resembled the heart more closely than the veins, and in the following account 
the terms ‘epicardium’, ‘myocardium’ and ‘endocardium’ will be used to 
describe the three layers of both atrial and venous wall. 

The outer epicardial layer, of connective tissue with a variable amount of 
fat, contained numerous blood vessels and bundles of nerve fibres, often 
associated with small ganglia. Nerves and vessels could be followed into the 
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myocardium, where ganglia were also observed, lying between bundles of 
muscle fibres and often adjacent to a small artery. Nerves ending on muscle 
fibres were occasionally seen. 

A more extensive study was made of the endocardium, as it was here that 
nervous structures were found which seemed to be the most likely mediators 
of the recorded impulses. The endocardial connective tissue in these sites 
contained a variable amount of smooth muscle. Thick myelinated nerve 
fibres were seen at the junction between the endocardium and the myocardium, 
or within the deeper endocardial layers, where they ran parallel to the endo- 
cardial surface. Occasional fibres could be seen passing from the muscle into 
the endocardium. 

Some of these fibres could be traced to end formations. These occupied 
most of the thickness of the endocardium (PI. 1, fig. 3), and were formed by 
the branching, within a circumscribed area, of the thick fibres into finer 
fibres and terminal filaments (Pl. 1, figs. 1, 2); the myelin sheath was lost 
beyond the point at which branching occurred. The thick fibres appeared 
somewhat varicose, while the finer ones were closely associated with deeply 
impregnated cellular elements. The background tissue in these circumscribed 
zones showed a lighter impregnation and greater numbers of nuclei than that 
of the surrounding connective tissue. The shape of a typical end formation, 
inferred from observations made on sections cut at various angles, was that 
of a flattened plate with its greatest area parallel to the endocardial surface. 
Sometimes a number of these endings, from one or more fibres, lay within a very 
small area of endocardium. | 

Every specimen, in which ‘functional’ localization of a receptor area had . 
been achieved, showed thick endocardial nerve fibres running to one or more 
branching nerve endings of this type. Furthermore, these circumscribed 
endocardial end formations were the only discrete nervous structures, common — 
to all the silver impregnated specimens, which on the basis of their structure 
were likely to be receptors. 

In addition to the end formations just described, one piece of tissue (taken 
from the junction of the right lower pulmonary vein with the left atrium) 
showed a fully impregnated subendothelial nerve network, similar to that 
figured by Meyling (1953) from methylene blue preparations. In this case 
curvature of the specimen had resulted in tangential sections through the 
endocardium passing at one point exactly in the plane of the network, and 
the typical pattern of branching fibres and interstitial cells was demonstrated 
over an area of 1-0x0-5 mm. Direct comparison showed that this network 
differed markedly in structure from the end formations just described. In 
other and more oblique sections, elements of the nerve net sometimes appeared 
as branched fibres running towards the endocardial surface and ending freely, 
but study of serial sections revealed that they were part of the network. 
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Such study also distinguished between small nerve bundles and true terminal 
structures. 

Methylene blue preparations. Confirmation of what had been seen in silver 
impregnated material was sought by the study of whole thickness preparations 
stained by methylene blue, after the technique of Mitchell (1953); and a 
histological survey was also made of different parts of the atria and the ad- 
jacent portions of the venae cavae and pulmonary veins. Two definite types 
of nervous structure were seen in the atrial and venous endocardium: first, 
a syncitial network of fine fibres and cells, forming the terminal nervous 
network, as described by Meyling (1953) and others; and, secondly, thick 
nerve fibres terminating in apparent end structures (PI. 1, fig. 5). 

The thick fibres emerged from the deeper layers of the wall and followed a 
sinuous course in the endocardial tissue (Pl. 1, fig. 4), often giving off several 
branches. These then divided into finer terminal filaments which radiated out 
from the parent fibres, forming a structure occupying appreciable depth as 
well as area. These fine branches had a slightly beaded appearance and were 
closely associated with cellular elements which also stained deeply. The whole 
formed a conspicuous and localized structure, and appeared to be a true 
nervous ending (Pl. 1, fig. 6). 

Bearing in mind the fact that the silver-impregnated sections were only 
15 in thickness, while the methylene blue-stained material was viewed intact 
from the endocardial surface, the close similarity in structure and disposition 
of the thick nerve fibres and their circumscribed endings in the two types of 
preparation leaves little doubt of their correspondence. The essential similarity 
- of structure revealed by the different techniques can be seen by a comparison 
of Pl. 1, figs. 2 and 6. It must be emphasized again that these formations 
were the only constant and discrete ones found in the ‘functionally’ localized 
receptor areas. 

Viewed from the endocardial surface the size of each end formation varied 
from approximately 40 x 50 to 200 x 350,.; the diameter of the fibres running 
into them was generally between 3 and 10, while that of the fibres consti- 
tuting the terminal network was always smaller. The larger end formations 
occurred at the endings of the larger diameter fibres. 

Endocardial tissue from all parts of the atria and veins was examined 
and it was found that the two types of nervous structure had a different 
distribution. The terminal network, while more prominent on the posterior 
atrial walls, extended towards the atrio-ventricular orifices, into the veins 
and the auricular appendages and on to the anterior atrial wall. The thick 
fibres and their endings, however, were limited to the atrio-venous junctional 
regions, to the proximal parts of the veins and to the adjacent parts of the 
atrial wall and interatrial septum. 

The endings tended to occur in groups and sometimes ten or more, arising 
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from several main fibres, lay within an area of 2 or 3 mm across, separated 
from another group by variable distances of up to 10 mm. Single endings were 
seen, and the distribution pattern almost certainly varies in different dogs. 
The left side appeared to be more richly innervated than the right and the 
total number of typical endings from both sides was in the region of 150, 
although again variations might be expected. 

Two distinctive endocardial nervous structures have so far been described. 
However, in some fields, smaller and less well marked end formations arose 
from a complex mesh formed from several entering fibres, similar to those 
described by Nettleship (1936) in the cat. Furthermore, a few localized areas 
of the terminal nervous network were more richly cellular than the rest, 
giving individual fibres a superficial resemblance to those in the circumscribed 
endings. But on close examination the features of each type of structure 
were quite distinctive: neither formation could be an artifact resulting from 
incomplete staining of the other. 

A further point of interest was that, in their course through the endocardium, 
the thick fibres passing to branched nerve endings occasionally appeared to 
give fine branches to join the nerve net. Some of these were clearly filaments 
of the net running for a distance closely applied to the thicker fibres, while 
others appeared to be true branches. In well stained preparations, it was 
often possible to see the terminal network extending superticially over circum- 
scribed endings with no communication; but, here again, occasional terminal 
filaments of the endings appeared to run on into the general net, and the 
possibility of communications between the two structures could not be entirely 
discounted. 

DISCUSSION 

Receptors which can be stimulated by distension of the atria and the pulmonary 
and caval veins, or by localized pressure, and which appear to be situated in 
the junctional tissues between the veins and the atria in the cat and in the 
dog heart have been described previously by many workers. The purpose of 
the present investigation was to identify these receptors histologically. For 
this, the receptor areas had to be located precisely and therefore the technique 
and difficulties of localization have been emphasized in detail. 

Although most of the previous work on the properties of atrial receptors 
and their fibres has been done on the cat heart (summarized by Dawes, 1952; 
Paintal, 1953) it seems difficult because of the size and rate of the heart in 
this animal to do more than limit the site of a receptor to a particular chamber 
or vessel. In general, our experimental findings about the situation of the 
receptors agree with those already reported. Jarisch & Zotterman (1948) 
stated that impulses could be readily elicited from both atria in the cat by 
touching the walls around and between the caval orifices on the right side and 
the pulmonary veins on the left side. They emphasized the ease with which 
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similar impulses could be elicited by pulling on other neighbouring structures 
showing that exact localization was difficult. Our results from the dog heart 
differ from theirs in that no sensitive points were found in the interatrial 
septum and that precise localization in the superior vena cava and pulmonary 
veins was obtained. In the cat, Paintal (1953a) found that receptors were 
located in the posterior part of the atria—some near the venous openings; 
he found none near the interatrial septum or in the auricular appendage. 
The few observations on vagal impulses from atrial receptors in the dog heart 
already reported (Dawes & Widdicombe, 1953; Henry & Pearce, 1956) have 
not been specially concerned with localization although Henry & Pearce 
thought it likely that stretch receptors were situated between the roots of the 
lungs and the left atrium. 

In the present work a correlation has been established between electro- 
physiological and histological observations. In every case, when the regions 
which had been shown to be sensitive to pressure were examined histologically, 
the silver-impregnated sections showed thick nerve fibres, lying deeply in the 
endocardium, and one or more branching end formations which were in some 
cases demonstrably connected with thick fibres. These endings, examined 
under the highest magnifications, could be seen to be terminal structures, 
the fibres branching down to fine fibrillae which ended in relation to cells. 

A comparison of these localized endocardial endings with those described 
previously shows great similarity. Among more recent workers, Nonidez 
(1937, 1941), using a silver impregnation technique, demonstrated nerve 
endings in the atria and large veins of young rabbits, cats and dogs. These 
endings were discrete, being formed by the branching of thick nerve fibres 
which had penetrated the muscle layer to reach the subendothelial connective 
tissue. Pannier (1940), using a similar method, described endings in the superior 
vena cava and pulmonary veins of the adult cat. Tcheng (1951) described 
sensory endings in the hearts of three-day-old puppies, although these did 
not correspond in appearance to those of Nonidez. Recently Sato (1954), 
again using silver impregnation methods, demonstrated branched nerve 
endings lying deep to the endothelium in the adult dog heart. Allowing for 
slight differences in appearance arising from variations in technique, we think 
that the circumscribed end formations described here correspond to those 
demonstrated by the above workers. 

However, the mode of ending of afferent nerves in the heart and great 
vessels is a topic on which varying opinions are held (Mitchell, 1956). More 
recent workers in this field, such as Meyling (1953), have not favoured the 
idea of discrete nerve endings, but consider that a fine-meshed subendocardial 
plexus is the only structure present. 

Nevertheless, it, seems, for several reasons, that the circumscribed end 
formations are not artifacts. Examination of serial sections made it clear 
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that these apparent endings were not nerve bundles cut obliquely. Further- 
more, striking confirmation that circumscribed endings exist in the dog atria 
and veins was obtained from the study of whole thickness methylene blue 
preparations. In the junctional regions of the great veins and atria, thick 
fibres, branching and ending in specific end structures, could be followed in 
continuity. 

Again, other investigators employing methylene blue techniques have also 
described such endings. Smirnow (1895) and Dogiel (1898) observed them 
in the dog and cat; Woollard (1926) described a subendothelial nerve plexus 
in dog atria and also referred to occasional ‘endings’; and Nettleship (1936), 
while stating that in the cat heart the endocardial nerve fibres were mostly 
plexiform, also described and reproduced occasional branched and arborizing 
endings which he found most frequently in the region of insertion of the great 
veins, around the atrio-ventricular orifices, and at the base of the interatrial 
septum. Hence, in view of the similarity in appearance and distribution of 
the discrete endings in both the silver impregnation and methylene blue 
preparations, there seemed little doubt that the circumscribed end formations 
were clearly actual structures. 

In addition to the thick nerves and their discrete end formations, the 
terminal nerve net with its wider distribution and distinctive structure was 
also demonstrated in both the silver impregnation and methylene blue 
preparations. On examination, it was clear that each type of nervous structure 
had quite characteristic features and that neither was an artifact resulting 
from incomplete staining of the other. Though the circumscribed endings were 
the only ones constantly found in the localized silver-impregnated specimens, 
the generalized terminal network could be seen ramifying throughout the 
whole thickness methylene blue preparations; consequently it must be 
assumed that both formations were present in the endocardium of the localized 
areas, 

Although it is impossible, on the evidence presented, to state with certainty 
that any single end formation was responsible for a given set of recorded 
impulses, initiated either by distension of the veins or chambers of the heart 
with blood, or by punctate pressure, yet it seems very probable that the 
large end formations rather than the terminal network were the mediators of 
the recorded impulses. 

These end formations have been found in all the portions of tissue which 
responded to punctate stimulation and from which impulses showing charac- 
teristic rhythms of atrial activity had previously been recorded. That they 
are the receptors responding to stimulation is suggested by a comparison of 
the respective sizes of the nerve fibres to the circumscribed endings and the 
generalized nerve net. The diameter of the thick fibres running into the 


cireumseribed nerve endings was generally between 3 and 10, while that of 
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the fibres constituting the general network was always much smaller. Estimates 
of the size of afferent atrial fibres have been made by several workers who 
have studied impulses in the vagus: Jarisch & Zotterman (1948) said that the 
atrial discharges occurred in myelinated fibres with a diameter of 2-8-7,; 
Dickinson (19506) concluded that the venous fibres had a diameter of 4-61; 
while Whitteridge (1952) tentatively ascribed to them a fibre diameter of 
4~7 w. These estimates were based on observations made in the cat, and though, 
as far as is known, there is no corresponding information for the dog, they 
do provide some indirect support for the view put forward. Nettleship (1936) 
showed by degeneration experiments that the large endocardial fibres with a 
diameter of about 6, were probably afferent. More recently Daly & Evans 
(1953), on the basis of experiments which involved studies of degeneration 
after division and the observation of the effects produced by electrical stimu- 
lation of the vagus before and after degeneration, concluded that small 
myelinated fibres of the 2-4 diameter group carried efferent impulses to 
the heart while afferent impulses travelled in myelinated fibres of 1-14, 
diameter (the majority of the fibres being between 4 and 6,) and in non- 
myelinated fibres. The diameter of the largest efferent fibres to the heart was 
stated by Dickinson (19505) to be 2-3 

A further point is that when a sensitive region had been definitely located 
the variation in the response to light pressure according to the placing of the 
glass probe was very striking. A lateral movement of 1-2 mm was sufficient 
to cause large changes in frequency of discharge. This seems to imply that the 
receptor structure is either a single end formation or a group of branching, 
closely spaced end formations. This would be in accord with the histological 
observations that what appear to be receptors are not interconnected through 
a network but are in direct continuity with individual nerve fibres, either 
singly or in small groups. Though there may be communications between the 
thick fibres with their circumscribed endings and the terminal network, these 
communications are small and are not present in relation to many of the large 
endings, even in preparations where the whole terminal network in the area 
was sharply stained. 

Finally, in regard to the distribution of the receptors the experimental 
evidence and the histological findings agreed. The complete histological 
survey of the atria and the veins showed that the circumscribed endings were 
concentrated particularly in the regions from which the impulses had been 
shown to originate, in contrast to the much more widely distributed terminal 
network. Similarly, Nonidez (1937, 1941) found that the localized endocardial 
endings were restricted to the proximal portions of the veins which had an 
extension of myocardium, to the atrio-venous junctions, and to a lesser extent 
to the adjacent parts of the atria. 

Of the seventeen receptors found in the atrio-venous regions, six were 
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finally located precisely in the veins, and in only one case was a receptor 
shown unequivocally to be situated in what appeared in the intact heart to be 
atrium proper. However, it is probably unwise to emphasize too strongly 
this apparent concentration of receptors in the veins. On histological exami- 
nation typical receptors were found in the atrial walls adjacent to the venous 
orifices. Furthermore, there was histologically no sharp division between 
vein and atrium in these areas. Perhaps it is better, therefore, to regard these 
receptors as occurring most frequently in the transitional regions where the | 
intrapericardial parts of the veins, invested by a prolongation of myocardium, 
merge into the atria proper. 

There is little information as to the function of these receptors. Nonidez 
(1937, 1941) claimed that they were responsible for the afferent side of the 
Bainbridge reflex, but there is, at present, little experimental evidence to 
support this view. In experiments in which the veins and atria have been 
stretched to produce reflex effects on heart rate and breathing, it has been 
claimed that the maximal effects were produced when the stimulus was close 
to the orifices of the veins (Sassa & Miyazaki, 1920; Megibow, Katz & Fein- 
stein, 1943), although Ballin & Katz (1941) using a mechanical device could 
not elicit cardiac or vascular responses by distension of the superior vena 
cava. Recently Henry & Pearce (1956) have presented evidence which, they 
claim, supports the view that the atrial receptors serve as one sensory mechanism 
in a reflex regulation of blood volume by control of urine output. However, 
it seems that the function of the atrial receptors must remain obscure until 
the problem of their effective stimulus has been clarified. 


SUMMARY 


1, An attempt has been made to localize and to identify histologically in 
the dog heart the receptors which give rise to vagal impulses with an atrial 
rhythm. 

2. The position of the receptors was first found approximately by occluding 
vessels and inducing local changes of blood pressure in the chambers of the 
heart and in the great vessels which altered the discharge in a single vagal 
fibre. Subsequently the position of the receptor was defined accurately by 
punctate stimulation of the endocardial surface after the heart had been 
opened. Receptors were found in the atrio-venous tissues on the right and 
left sides of the heart. 

3. Portions of tissue in which receptors had been located were taken for 
histological examination and in all cases characteristic end formations were 
found in them. 

4. The end formations were situated in the endocardium and were formed 
by the branching of myelinated fibres 3-10, diameter. The branches formed 


a flattened plate parallel to the endocardial surface. 
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5. A histological survey of the heart showed a close correspondence be- 
tween the distribution of these end formations and the receptor points which 
were located by electro-physiological methods. 

6. The end formations and the points which could be stimulated were 
situated, with very few exceptions, in the junctional tissues of the venae 
cavae and right atrium and the pulmonary veins and left atrium. A few end 
formations were seen in the posterior part of the interatrial septum but no 
receptors were located there by punctate stimulation. 


Part of the expenses of this research were defrayed by a grant to A.H. from the Medical 
Research Council. 
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EXPLANATION OF PLATE 


Figs. 1-3 are sections taken from physiologically localized receptor areas of the atrio-venous 
wall of the dog. Figs. 4-6 are taken from whole thickness methylene blue preparations. All 
photomicrographs are untouched. 

Fig. 1. Tangential section through endocardium of pulmonary vein. The localization of this 
receptor area was achieved in the experiment depicted in Text-fig. 10. To the left, a thick 
nerve fibre (N) is cut across several times; to the right, the fine branched nerve fibres and 
associated nuclei of a characteristic end formation (Z). 12y section; silver impregnation. 

Fig. 2. Tangential section through endocardium of pulmonary vein. Again, a thick nerve 
fibre (N) and a typical end formation (Z) are present. 12, section; silver impregnation. 

Fig. 3. Transverse section through right atrial endocardium, The site of this receptor area 
is shown in Text-fig. 12.4; and the potentials recorded from the fibre arising from this area 
are shown in Text-fig. 2. In the endocardial connective tissue, branched nerve fibres (2) 
and nuclei can be seen. 12, section; silver impregnation. 

Fig. 4. A thick nerve fibre in the atrial endocardium running to three end formations. Whole 
thickness methylene blue preparation, viewed from the endocardial surface. 

Fig. 5. Thick nerve fibres, ending as terminal expansions, in the posterior wall of the left 
atrium. In the background, the fine plexiform fibres of the terminal nervous network can 
be seen. Whole thickness methylene blue preparation. 

Fig. 6. High-power photomicrograph of a typical end formation. A thick nerve fibre terminates 
by branching into finer fibres which are partly obscured by deeply stained associated 
cellular elements. Note the essential similarity between this structure, seen in a whole 
thickness preparation, and the ending shown in the silver impregnated section in fig. 2. 
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FAECAL CLEARANCE RATE OF ENDOGENOUS THYROID 
HORMONE IN RATS 


By N. B. MYANT 


From the Medical Research Council, Experimental Radiopathology 
Research Unit, Hammersmith Hospital, London, W. 12 


(Received 5 November 1956) 


Work with ™I-labelled thyroxine has shown that the plasma thyroxine is 
excreted in the bile (Gross & Leblond, 1947; Albert & Keating, 1952). In rats, 
the rate of excretion of endogenous thyroid hormone in the bile, expressed as 
the volume of plasma cleared in unit time, has recently been shown to be 
about 45 ml. of plasma per day (Myant, 1957). Since the concentration of 
thyroid hormone in rat’s plasma is about 5 wg/100 ml. (Taurog & Chaikoff, 
1946), it seems probable that the liver transfers some 2 yg of thyroid hormone 
from the plasma into the bile each day. This is nearly half the rate at which 
a normal rat’s thyroid makes thyroid hormone (Dempsey & Astwood, 1943). 
It is, therefore, of some importance to know how much of the biliary iodine is 
reabsorbed from the intestine under normal conditions. This paper describes 
an attempt to measure the proportion reabsorbed, from the difference between 
the biliary and faecal clearance rates of endogenous thyroid hormone labelled 
by 
METHODS 


Adult rats of the Wistar strain were used. The thyroid hormone in their circulation was labelled 
with ™I by an intraperitoneal injection of 200 uc of radio-iodide 3 days before measurements of 
faecal excretion were begun. Each rat was placed in a separate cage from which urine and faeces 
could be collected separately. From the third day, 0-5 ml. samples of blood were taken daily by 
cardiac puncture at the beginning of each collection period. The protein-bound radio-iodine was 
separated from the plasma by precipitation with trichloroacetic acid. The faecal clearance rate 
of the plasma thyroid hormone, expressed as the volume of plasma cleared per day, was estimated 
as 
Total I in faeces collected over each 24 hr 


plasma concn. of protein-bound ™ I at beginning of collection period * 
The methods used for measuring the biliary clearance rate of the plasma thyroid hormone (Myant, 
1957) and for measurement of the total ™'I in the faeces and urine (Myant, 1956) were those 
described elsewhere. 
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RESULTS 


In four rats, daily measurements of the plasma protein-bound ™I and of 
faecal I were made for 12 days. The common bile duct was then cannulated 
and the biliary clearance rate measured over a period of 30 min. After the 
measurement of the clearance rate was completed, the common bile duct was 
tied by a silk ligature about 1 cm above the opening into the duodenum, and 
the rat’s abdomen was closed with silk sutures. Measurement of the ™ J in 
the plasma and faeces was continued for four more days. At the end of this 
time the rats were deeply jaundiced and their faeces were pale grey. In three 
other rats the plasma protein-bound ™"I and faecal "I were measured daily 
for 6 days, but the biliary clearance rate was not measured. 


TasLe 1, Faecal and biliary clearance rates of endogenous thyroid hormone, 
expressed as the virtual vol. of plasma cleared/day 


% reabsorbed. 
Faecal Biliary Biliary minus Faecal | 100 

Rat clearance rate* clearance ratet Biliary 

1 18-84 1-3 32-8 42-6 

2 12-8418 39-7 67-7 

3 32:14 6-4 51:8 38-0 

4 16-441-6 29-8 44-8 

5 17-1426 

6 16-341-5 

7 23-34 10-8 


Av. 19-5 ml./day: 


* Average of all estimates on different days before bile duct ligated. 
+ Estimated from clearance rate measured over 30 min. 


Fig. 1 shows the observations on one of the four rats, and Fig. 2 shows the 
faecal clearance rate in the same rat, estimated on each day. The faecal 
clearance rate in this rat averaged 18-8 + 1-3 ml., and the biliary clearance rate 
(calculated from the single estimate) was 32-8 ml. of plasma/day (Fig. 2). The 
daily amount reabsorbed from the intestines was, therefore, equivalent to 
14-0 ml. of plasma, or 42-6°% of the amount excreted in the bile. In the four 
rats the faecal clearance rate varied from 12-8 to 32-1 ml./day and the percent- 
age reabsorbed, calculated from the difference between the biliary and faecal 
clearance rates,varied from 38-0 to 67-7 (Table 1). In all seven rats the faecal 
clearance rate averaged 19-5 ml. of plasma/day. After the bile duct was tied, 
the faecal clearance rate fell markedly, but the fall was followed in every rat 
by a rise to 10-20% of the control value within 3 or 4 days (Fig. 2). 
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Fig. 1. Rat 1. Plasma protein-bound ™ I concen. (©) and faecal excretion of "I (—) 


Fig. 2. Rat 1. Faecal clearance rate of endogenous thyroid hormone (©) before and after ligation 
of common bile duct (shown by arrow), with single estimate of biliary clearance rate (—). 


before and after ligation of common bile duct (shown by arrow). 


Faecal clearance rate (mi./day) 
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DISCUSSION 


Since the time taken for the biliary "I to travel from the duodenum to the 
faeces is not known, the expression used here for estimating the faecal 
clearance rate must be regarded as an approximation. If the lag were much 
longer than 24 hr, the faecal clearance rate would be overestimated, since the 
concentration of protein-bound ™"] in the plasma, when the ™ I in the faecal 
sample was secreted in the bile, would be higher than the value chosen, i.e. the 
denominator chosen may be too low. However, after the third or fourth day 
of measurements this source of error can be ignored, since the plasma con- 
centration was changing very slowly at this time (Fig. 1). 

The estimate of the daily clearance of the plasma thyroid hormone into the 
bile is based on the assumption that the biliary clearance rate of endogenous 
hormone is constant throughout the day and night, and that the daily rate 
can, therefore, be estimated from a single measurement made over a short 
period. Although the biliary clearance rate has not been measured at different 
times during the whole 24 hr, numerous estimates at different times during the 
day in different rats, made in connexion with some other work (Myant, 1957), 
have never revealed any differences correlated with the time of day. Owing to 
the effect of the continuous removal of bile on the rate of bile flow, it would not 
have been justifiable to measure the biliary clearance rate over a longer 
interval. 

When these approximations have been allowed for, it seems fair to take 
19-5 ml./day (Table 1) as an estimate of the faecal clearance rate. The biliary 
clearance rate of endogenous thyroid hormone has been shown to average 
1-86 ml./hr, or 44-6 ml./day, in normal rats (Myant, 1957). These two estimates 
give a value of 56%, for the proportion of the biliary iodine that is reabsorbed 
from the intestines. This is in satisfactory agreement with the percentage 
reabsorbed in the four rats in which the biliary and faecal clearance rates were 
measured. The faecal excretion of at least a third of the biliary ™I may be 
explained by the conjugation of some of the biliary thyroxine with glucuronic 
acid (Taurog, Briggs & Chaikoff, 1952), since thyroxine glucuronide has been 
shown to be poorly absorbed (Briggs, Taurog & Chaikoff, 1953). 

The reappearance of ™J in the faeces a day or so after the bile duct is 
ligated agrees with the observations of Albert & Keating (1952), who found 
that some ™![ was excreted in the faeces when radio-active thyroxine was 
injected intravenously into rats in which the bile duct was ligated. It is 
unlikely to be due to the opening up of accessory channels for the bile, because 
the faeces, examined by naked eye, did not appear to contain bile pigment. 
It seems more likely that some thyroxine is excreted directly through the wall 
of the intestine when the bile duct is tied. 
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SUMMARY 


1. The biliary and faecal clearance rates of endogenous thyroid hormone 
labelled by “I were measured in rats. 

2. In seven rats the faecal clearance rate averaged 19-5 ml. plasma/day. 

3. As judged from the difference between the biliary and faecal clearance 
rates, between 38 and 68%, of the biliary ™ I derived from the circulating 
endogenous thyroid hormone is reabsorbed from the intestine. 
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EFFECT OF PYRIDOXAL ON THE ACTIVE TRANSPORT OF 
AMINO ACIDS BY SACS OF EVERTED INTESTINE OF THE 
GOLDEN HAMSTER (MESOCRICETUS AURATUS) 


By G. WISEMAN 
From the Department of Physiology, University of Sheffield 


(Received 5 November 1956) 


During the investigation of the uptake of amino acids by Ehrlich mouse 
ascites carcinoma cells, Riggs, Coyne & Christensen (1953) found that the 
degree to which glycine was concentrated could be much increased by the 
addition of certain quantities of pyridoxal to the suspending medium. This 
effect was also obtained, but to a lesser degree, when t-«, y-diaminobutyric 
acid and L-methionine were used, while the uptake of L-tryptophan was only 
stimulated when the neoplastic cells had been grown in pyridoxine-deficient 
mice (Christensen, Riggs & Coyne, 1954). At any given concentration of 
amino acid in the suspending medium for these neoplastic cells it was found 
that there was an optimal concentration of the pyridoxal, and a concentration 
above this optimum could result in an inhibition of the active transport of 
the amino acid concerned. Accompanying this increased uptake of amino 
acid there was found to be a pronounced loss of intracellular potassium. The 
results suggested that either pyridoxal or a closely related derivative was 
involved in the mechanism of active transport of amino acids, and that the 
transfer processes for amino acids and potassium have certain features in 
common. 

As it has been shown that rat small intestine (Wiseman, 1953) and hamster 
small intestine (Wilson & Wiseman, 1954; Wiseman, 1955, 1956) can transport 
many L-amino acids against a concentration gradient it was decided to investi- 
gate the effect of pyridoxal on this intestinal active transport of some amino 
acids. The hamster small intestine was used in the studies reported in this 
paper and the im vitro technique of Wilson & Wiseman (1954) was employed. 
The results show that pyridoxal has no stimulatory effect on the active trans- 
port of glycine, L-proline, t-histidine or L-methionine by the normal hamster 
small intestine when used at concentrations comparable with those which 
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cause stimulation of the active transport of glycine by the Ehrlich mouse 
ascites carcinoma cell. At higher concentrations of pyridoxal there is an 
inhibition of the active transport of the amino acids tested. 


METHODS 


Preparation of tissue. The method used for preparing and filling sacs of everted small intestine 
of the hamster ( Mesocricetus auratus) was that described by Wilson & Wiseman (1954). Six sacs, 
each about 3 cm long, were obtained from each small intestine (jejunum and ileum). At least 
two animals were used for each investigation of an amino acid. 

Measurement of initial and final volumes. The initial volume of fluid (serosal) introduced into the 
carefully drained sac of everted intestine (about 3 cm length) was recorded from the 1 ml. syringe 
(Tuberculin type) which was used for the introduction of the fluid. This serosal volume was initially 
between 0-5 and 1 ml. The final volume of the serosal fluid was estimated by draining the sac of 
its fluid contents and weighing the fluid obtained. The increase in the volume of the serosal fluid 
during the experimental period was considered to be the volume transferred from mucosal to 
serosal sides. The volume of fluid (mucosal) into which the sac was placed at the beginning of the 
experimental period was 20 ml. Occasionally the serosal volume of a sac decreased during the 
experimental period: such sacs were discarded. 

Experimental procedure. The sac, filled with a known volume of amino acid solution (with or 
without pyridoxal), was placed into a 150 ml. Erlenmeyer flask containing 20 ml. of the same 
solution as used for filling the sac. The air in the flask was then replaced with a gas mixture of 
5% CO,, 95% O, and the flask tightly stoppered. The flask and its contents were then kept at, 
37° C and continuously shaken for 1 hr by the use of a Warburg bath (rate of shaking 80 oscilla- 
tions/min, amplitude 5 om). At the end of the hour the sac was removed from the flask, its surface 
drained, and its fluid contents recovered and weighed. Samples of initial amino acid solution and 
final serosal and mucosal fluids were analysed for amino acid concentration. A short length of 
thread ligature left at one end of the sac greatly facilitates the removal of the sac from the flask. 

Amino acid solutions. The amino acids (all of the L-form) were commercial samples of chemically 
pure grade and were used without further purification. They were dissolved in bicarbonate saline 
(Krebs & Henseleit, 1932) containing 0-3% glucose and the solution was gassed with 5% CO, in 
95% O,. Pyridoxal was used as the base and enough of the solid was added to the amino acid solu- 
tions to give the concentration required. 

Dry weight. After removal of the serosal fluid the sacs were laid on Whatman No. 50 filter 
paper, and the ends beyond the ligatures cut off and the ligature thread discarded. Excess 
surface fluid was then removed and the tissue dried for 2 hr at 110°C and weighed. The dry 
weights were of the order of 25-35 mg. 

Chemical estimations. Proline was determined by the colorimetric method of Chinard (1952), 
histidine by the colorimetric method of Macpherson (1946), methionine by the colorimetric method 
of McCarthy & Sullivan (1941) and glycine by the method of Alexander, Landwehr & Seligman 
(1945) as modified by Christensen, Riggs & Ray (1951). It was found that pyridoxal did not 
interfere with any of these methods. 

Rate of tranaference and concentration gradients. The rate of accumulation of amino acid in the 
serosal fluid during the experimental period is given in ul./mg dry wt. of sac/hr, and is referred to 
as the rate of transference. The concentration gradient is the ratio of the amino acid concentration 
in the serosal fluid to that in the mucosal fluid. 

Standard deviations and significance. Standard deviations were obtained using the formula for 
small samples. The difference between two means was considered to be significant when that 
difference was more than three times the value of the standard error of the difference. 
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RESULTS 


Table 1 shows the effect of 1-0 mm-pyridoxal on the rate of transference against 
a concentration gradient of L-proline, glycine, L-histidine and -methionine by 
sacs of normal hamster small intestine. The table also shows the concentration 
gradients developed by these sacs. It will be seen that at this concentration of 
pyridoxal the concentrative uptake of L-proline, L-histidine and L-methionine 
is not significantly changed, while that of glycine is significantly lowered. 


TasLe 1, Effect of 1-0 mm-pyridoxal on the concentration gradient developed and the rate of 
transference of amino acid from mucosal to serosal sides of sacs of everted small intestine. 
(Initial concentration of amino acid 20 mm on mucosal and serosal sides of sac; pyridoxal 
present in mucosal and serosal fluids; experimental period 1 hr; 37° C; figures shown are 
mean and 8.D. with the number cf sacs in parentheses) 


Rate of transference (yl./mg dry wt. /hr) Concentration gradient developed 


When t In ce of When t In ce of 
Proline 14-0043-17 12-124 2-60 2-08 +0-18 1-95 +0-21 
(9) (9) (9) (9) 
Glycine 10-144 2°34 5°69 + 2°15 1-65+0-19 1-35 +0-09 
(9) (10) (9) (10) 
Histidine 5-32+2-81 6-19+40-75 1-42+0-22 1-31+0-13 
(12) (10) (12) (10) 
Methionine 3-27 + 1-87 3-82+ 1-44 1184011 1-:13+0-08 
(11) (8) (11) (6) 


TaBLeE 2. Effect of different concentrations of pyridoxal on the concentration gradient developed 
and rate of transference of glycine and histidine by sacs of everted small intestine. (Initial 
concentration of amino acid 20 mm on mucosal and serosal sides of sac; experimental period 
1 hr; 37° C; figures shown are mean and 8.D. with the number of sacs in parentheses) 


Pyridoxal Rate of transference (ul./mg dry wt./hr) Concentration gradient developed 
concentration A A 


(mM) Glycine Histidine Glycine Histidine 

0-0 10-144 2-34 5-324 2-81 1-6540-19 1-42 +0-22 
(9) (10) (9) (10) 

10 5-69 + 2-15 6-19+40-75 1-35+0-09 1-3140-13 
(10) (12) (10) (12) 

5-0 6-07 + 2-50 2-924 1:27 1-39 + 0-05 1-15+0-06 
(10) ) (10) (9) 
10-0 4-03 + 1-06 1-3640-16 


(9) 


Table 2 shows the effect of different concentrations of pyridoxal on the 
concentrative uptake of glycine and t-histidine. At 1-0, 5-0 and 10-0 mu 
concentrations pyridoxal significantly lowers the ability of the intestine to 
transport glycine actively, and at 5 mm concentration of pyridoxal the active 
transport of L-histidine is significantly lowered. 
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DISCUSSION 


The results suggest that the mechanism for active transport of amino acids by 
the Ehrlich mouse ascites carcinoma cell differs to some extent from that of 
the normal hamster small intestine. At the concentrations of glycine and 
pyridoxal used the active transport of glycine by the neoplastic cells is greatly 
stimulated (Riggs et al. 1953), while that of the hamster small intestine is 
lowered. It is unlikely that this difference is due to a relative deficiency of 
pyridoxal in the neoplastic cells, as Riggs et al. (1953) found that the stimula- 
tion of glycine uptake occurred even when neoplastic cells had been previously 
incubated in a medium containing 0-5 mm-pyridoxal. Also, they found 
stimulation of active uptake of glycine by pyridoxal when neoplastic cells 
were grown in mice fed on a pyridoxine-fortified diet. It is interesting to note 
that Fridhandler & Quastel (1955) found that the absorption of DL-alanine by 
isolated segments of guinea-pig intestine is inhibited by 10 mm deoxypyrid- 
oxine and that this inhibition is not antagonized by 5 mm-pyridoxal. 

The mechanisms of active transport of amino acids by normal small 
intestine and neoplastic cells have other differences apart from the effect of 
added extracellular pyridoxal. Ehrlich mouse ascites carcinoma cells are able 
to concentrate D-amino acids (Christensen, Riggs, Fischer & Palatine, 1952) 
but rat small intestine cannot (Wiseman, 1953). Hamster small intestine is 
unable to transfer L-lysine or L-ornithine against a concentration gradient 
(Wiseman, 1955), but rat RD3 sarcoma cells can do so (Wiseman & Ghadially, 
1955). An elucidation of the mechanism of active transport of amino acids by 
normal tissues seems very likely to provide a rational approach to the control 
of growth of neoplastic cells. 


SUMMARY 


It is shown that at low concentrations added extracellular pyridoxal 
has no stimulatory effect on the active transport by normal hamster small 
intestine of L-proline, glycine, L-histidine or L-methionine. At higher concentra- 
tions extracellular pyridoxal has an inhibitory effect on the active transport 
of glycine and L-histidine. 


This work was done during the tenure of a Visiting Fulbright Scholarship (1953-4) and also of 
a Charlton Research Fellowship in Biochemistry & Nutrition, Tufts University Medical School, 
Boston, Massachusetts, U.S.A. The author wishes to thank Dr Halvor N. Christensen for much 
stimulating discussion and useful criticism, as well as for generous working conditions. He also 
wishes to thank Miss Patricia J. Kennedy for her enthusiastic and skilled technical assistance 
throughout this work. 
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THE RELATIONSHIP BETWEEN THE CONCENTRATION OF 
BLOOD SUGAR AND SOME VITAL BODY FUNCTIONS IN THE 
NEW-BORN PIG 


By R, F. W. GOODWIN 
From the Department of Veterinary Clinical Studies, 
University of Cambridge 


(Received 17 November 1956) 


If the new-born pig is denied food, the blood sugar concentration falls and 
death ensues rapidly; the liver contains little or no glycogen at death and the 
concentration of blood glucose may, by then, be but a few mg/100 ml. 
(Sampson, Hester & Graham, 1942). This almost total exhaustion of glucose 
usually takes 2448 hr but death can be postponed by increasing the ambient 
temperature (Morrill, 1952). During the first week of life there is a progressive 
increase in the ability to withstand starvation and by ten days of age the survival 
period is approximately three weeks (Hanawalt & Sampson, 1947). Neither 
the new-born lamb (Sampson, Taylor & Smith, 1955) nor the new-born calf 
and foal (Goodwin, 1957) succumb so readily to starvation, and the new-born 
pig, therefore, appears to be unusually vulnerable in this respect. 

The precipitous fall in the blood sugar concentration in the starving new- 
born pig is associated with a general functional collapse of the whole body. 
In the new-born foal and calf, however, where starvation does not result in 
such a dramatic fall in the blood sugar concentration, there is no other 
obvious metabolic failure (Goodwin, 1957). It seemed possible, therefore, that 
the mammalian new-born might be more dependent upon a high circulating 
glucose concentration than the adult, but that under natural conditions this 
homeeostatic deficiency might not be exposed in species such as the calf 
because the blood glucose concentration is relatively stable. The problem has 
been examined mainly by comparing the effects of severe hypoglycaemia in the 
new-born pig and calf, and the findings are presented below. 9 


MATERIALS AND METHODS 
The animals employed and their experimental conditions are described with the results. Rectal 
temperatures were recorded on a 0-150° F (0-65-5° C) mercury thermometer when the body 
temperature fell below 95° F (35° C), or on an ordinary clinical thermometer in experiments 
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where the body temperature remained high. In the former instances the thermometer was inserted 


for the same distance on each occasion. The frequency of the heart beat was observed by direct 
auscultation. 


Blood sugar estimations. The calves were bled from the jugular vein and the pigs were bled by 
cutting off the tip of the tail, except for the final samples during starvation when the throat 
vessels were severed. In all cases the blood flowed freely and was collected over dried heparin. 
Duplicate samples were rare with the new-born pigs but always taken with older pigs. All the 
calf samples were duplicated, but the five samples between 3} and 4} hr in Fig. 2 were taken in 
triplicate. As the calf blood samples were all of 2 ml., giving a 1:8-5 dilution of whole blood for 
the deproteinized filtrate, it is felt that the sugar concentrations quoted during severe hypogly- 
caemia in this species should be particularly reliable. The blood samples from the pigs were 
usually of 1 ml., to give a 1:16 dilution of whole blood in the filtrate. All deproteinization was done 
with barium hydroxide and zinc sulphate. 

The methods for estimating glucose and fructose have been outlined elsewhere (Goodwin, 1956). 
A slight difference here was that the colour developed by fructose was read on a Unicam spectro- 
photometer (SP. 600) at 415 my. When the blood filtrate contained both fructose and glucose, 
three mixed standards each in duplicate were included with the estimations and these represented 
a declining fructose concentration in the presence of 100 or 125 mg/100 ml. of glucose. For the 
remaining filtrates prepared from blood taken after the neonatal decline of fructose, only glucose 
standards in quadruplicate were included with the unknowns. In the estimation of total reducing 
substances (recorded here as glucose in the absence of fructose) it has been found that the amount 
of thiosulphate required for titration may vary, depending on the time that elapses between 
acidification and titration. Thus blanks titrated at the end of a series of unknowns may give a 
lower reading than those titrated at the beginning. This can be important at very low sugar 
concentrations and hence it is a routine procedure in this laboratory to titrate two blanks and two 
standards first, then to titrate all the unknowns and, finally, to titrate a further two blanks and 
two standards. Allowance can thus be made for any drift in the blank titration. 


RESULTS 


The hypoglycaemic syndrome in the starving new-born pig 

The new-born pig may be on its feet and sucking normally within a few minutes 
of birth, and it is soon vigorously active. During the first two days of life the 
heart rate at rest is about 220 beats/min (average for over sixty new-born 
pigs), although it may increase during activity and decrease in deep sleep. 
The respiratory rate is much more variable, from 24 to 130, and averages about 
70 respirations/min; furthermore, it is commonly interrupted by periodic 
shivering. At the same age the rectal temperature is usually between 99 and 
102° F (37-89° C).. If the pig is removed from the sow at birth and starved, 
its behaviour remains almost normal until the blood glucose concentration 
falls below about 50 mg/100 ml. Subsequently, as the hypoglycaemia in- 
creases in severity, a characteristic syndrome develops. While the terminal 
stages of this syndrome have been described by other authors, it is necessary 
now to consider the clinical signs in more detail, particularly from their 
inception. 

Fig. 1 illustrates the onset and development of hypoglycaemia in three pigs 
(from two litters) that were bled from the umbilical cord at birth, prevented 


from sucking and then removed to the laboratory. The concomitant changes in — 
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the heart rate and rectal temperature are also shown. There are difficulties in 
producing a composite graph of this type but the procedure allows broad 
conclusions. To this end, the mean sugar concentration has been recorded at 
two-hourly intervals from birth, and then the average clinical findings for the 
three animals, taken at certain concentrations of blood glucose instead of at 
post-natal time intervals, have been simplified and added to the final figure. 
The pigs were subject to almost the same environmental temperature (about 
60° F = 15-6° C) during the last 4 hr of life. The decline in body function with 
progressive hypoglycaemia is evident from the heart-rate and rectal tempera- 
ture figures. In addition, pigs experiencing progressive hypoglycaemia show 
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Fig. 1. Changes in blood glucose (——) and fructose (-——) concentrations, heart rate 
(H, beats/min) and rectal temperature (T, ° F): average for three pigs starved from birth. 


at first weakness, so that they are unable to stand, then violent cycling move- 
ment of the legs coupled with opisthotonus, and finally coma. At this terminal 
stage, when the body temperature approaches room temperature, the skin 
shows piloerection and marked pallor; the heart beat is barely audible, the 
rate being often less than 30, and the respiration degenerates to infrequent 
gasps. Although eventually the condition seems to become irreversible, pigs 
can be restored from the early comatose state to apparent normality by injec- 
tions of glucose. Thus the metabolic collapse is not a sudden pre-mortal con- 
dition that arises when the blood glucose concentration is approaching zero; 
it progresses in step with the sugar concentration and can be detected in its 
early stages when this concentration is still relatively high. 
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The hypoglycaemic syndrome in the calf treated with insulin 

The new-born calf may be starved from birth for at least 10 days. During 
this period the blood glucose concentration is at first high (100-130 mg/100 mi.) 
and then, after about 30 hr, it descends to between about 55 and 85 mg/100 ml. : 
the heart rate and, to a lesser extent, the body temperature decrease but not 
severely (Goodwin, 1957). It is not possible, therefore, to compare a hypo- 
glycaemic syndrome during starvation in the calf with that seen in the pig, 
and recourse must be made instead to the syndrome that is induced by insulin. 
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Fig. 2. Glucose concentration (@), heart rate (©) and rectal temperature (©) during insulin 
hypoglycaemia in a new-born calf: the calf was injected subcutaneously with 100 u. insulin 
at 5 min and a further 200 u. insulin at 3 hr 25 min. In Figs. 2 and 3 the origin of the time 
scale does not coincide with the time of the first injection, 


Fig. 2 shows the development of insulin hypoglycaemia in a calf. The heart 
rate and rectal temperature are also recorded. The animal was of the Jersey 
breed; it weighed 55 Ib. and was 2 days old. After being bled and examined 
clinically it was injected subcutaneously with 100 u. of insulin. It will be 
seen that the blood glucose concentration fell rapidly: from nearly 90 to 
13 mg/100 ml. in about 2 hr. A further 200 u. of insulin were injected sub- 
cutaneously at 3hr 25min. At 2 hr 15 min the calf was apprehensive; at 
2 hr 45 min it sat down. At 3 hr 5 min it rolled over, performing wild galloping 
movements with the head well retracted. Two minutes later it recovered and 
got to its feet unaided. Between 3 hr 31 min and 4 hr 24 min five more con- 
vulsive bouts occurred, each lasting between a quarter and 3} min. The calf 
was bled frequently during this time but there was little variation in the blood 


glucose concentration despite the fact that there were very marked changes in 
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behaviour. Thus when it regained its feet unaided at the end of the first 
convulsive period, the glucose concentration was only 13 mg/100 ml. At 
the end of a subsequent convulsive bout the glucose concentration was 
10 mg/100 ml.; it rose to 13-5 mg/100 ml. 3 min later, when the animal 
was sitting quietly, and after a further 5 min, at the onset of the next con- 
vulsion, it was again 10 mg/100 ml. Six minutes after the end of this latter 
convulsion, when the calf was once more sitting quietly, the glucose concentra- 
tion was 9-5 mg/100 ml. 

During the period of two or more hours when the blood glucose concentra- 
tion varied between 8 and 13-5 mg/100 ml. the rectal temperature did not fall 
below its original value. The respiratory rate was observed to be normal 
during one of the quiescent periods between convulsions, but in the main it was 
markedly increased, the convulsive bouts being heralded by laboured respira- 
tion which progressively increased in rate until the latter was almost doubled. 
The maximum decrease in the heart rate, from 156 to 140 beats/min, was rela- 
tively slight, and during the one-hour period when the glucose concentration was 
at its lowest the mean of six values was 146 beats/min. Although glucose injec- 
tions were commenced during the fifth hour and the calf drank milk later 
while standing, it was found prostrate at 12 hr with a mean blood glucose 
concentration of 6 mg/100 ml. (duplicate estimations). At this time the heart 
rate was 144 beats/min, which provided further striking evidence of the 
independence of the circulation during severe hypoglycaemia. Glucose injec- 
tions, together with milk by mouth, rapidly restored the calf to normality. 
In a similar experiment performed on a second calf the blood glucose con- 
centration descended to 17 mg/100 ml., and below, without any reduction in 
the heart rate, respiratory rate, or rectal temperature. 


The hypoglycaemic syndrome in the pig treated with insulin 

The new-born pig. Acute hypoglycaemia in the new-born calf is not associ- 
ated with a marked reduction in the heart rate and body temperature nor 
with the complete prostration that follows in the starving new-born pig. On 
the contrary, one calf had withstood a venous blood glucose concentration of 
under 15 mg/100 ml. very well, remaining on its feet and behaving almost 
normally. It did not follow, however, that the hypoglycaemia induced by 
insulin was comparable with the hypoglycaemia resulting from starvation. 
During starvation in the new-born pig other changes might have been brought 
about that initiated a general collapse independently of the blood glucose 
concentration, and it remained to be shown that hypoglycaemia per s¢ 
occasioned the widespread functional collapse of the pig. 

The two pigs that are the subject of Fig. 3 were removed from the sow after 
being suckled normally for about 41 hr. They were thus about 46 hr old when 
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their hypoglycaemia was most severe, whereas the average age at death for the 
animals of Fig. 1 was 30 hr. Pig 1 weighed 4 lb. 3 oz. and received 5 u. of insulin 
subcutaneously at 44 min. Pig 2, which weighed 3 lb. 13 oz., was similarly 
injected with 8 u. of insulin at 54 min. Both animals received a further 4 u. 
of insulin at 4 hr. 30 min. The subsequent course of the blood glucose con- 
centrations, together with the changes in the rectal temperatures and heart 
rates, will be found in the figure. There was a marked difference in the descent 
of the blood sugar level in the two animals, but the clinical observations were 
made without this knowledge and it is noteworthy that there was close agree- 
ment between the glucose concentration and the clinical signs in each case. 


36 
me 
4240 E 
e* 2 
3 1200 § 
4160, 
§ 
4 


me (hr) Pig? 
Fig. 3. Heart rate and rectal temperature during insulin hypoglycaemia in two new-born pigs. 
Pig 1 was injected with 5 u. insulin at 44 min; pig 2 was injected with 8 u. insulin at 54 min; 
both pigs received a further 4 u. insulin at 4 hr 30 min; all injections were subcutaneous. 
@, glucose; O, heart rate; ©, temperature. 


With pig 1 there was only a slight decline in the glucose concentration by 
3 hr after the first injection, and the animal remained robust. The temperature 
remained constant and the heart rate varied between 212 and 240 beats/min. 
There was a precipitous fall in the glucose concentration, however, after the 
second dose of insulin and the heart rate decreased at this time to 128 beats/ 
min. After a short delay the rectal temperature also decreased, to a minimum 
of 95° F (35°C). With the iricrease in the sugar concentration during the 
ninth and tenth hours there was a corresponding improvement in the rectal 
temperature and heart rate. 

Hypoglycaemia developed more rapidly and became more acute in pig 2. 
It is questionable, however, whether it was ever as severe as indicated by the 
single value for glucose concentration at 4 hr 35 min, and it is preferable to 


assume only that the concentration fell to below 10 mg/100 ml. 
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The rectal temperature decreased steadily and eventually reached 90° F 
(32-2° C). The heart rate decreased at first, but then increased as the pig 
struggled violently to regain its feet. By 3 hr the heart rate was running down, 
and the animal then remained on its side until the onset of convulsions at 
3 hr 46 min; the blood glucose concentration was then about 10 mg/100 ml. 
Convulsive movements continued intermittently until 6 hr 33 min, when a 
glucose solution was injected subcutaneously. By this time the heart rate 
had decreased from 252 to 60 beats/min; the respiratory rate, which originally 
had been 64/min, was 20/min, and the respiration had changed in type to a 
series of gasps. Clinically, the syndrome was similar to that seen in the 
terminal stages of starvation hypoglycaemia. Rapid restoration of the heart 
rate and a slightly slower but ultimately almost complete restoration of the 
body temperature followed the rise in the blood glucose concentration. A blood 
sample taken at 7 hr 32 min contained more sugar than had been expected 
(more than 140 mg/100 ml.) and could not be titrated. 

The weaned pig. To complete these observations it was necessary to show 
that this vital over-all dependence upon the blood sugar concentration 
disappeared with age. That this is the case is shown by the following three pigs. 
Pig 1 weighed 36} lb. and was injected subcutaneously with 40 u. of insulin. 
Initially, the whole-blood glucose concentration was 65 mg/100 ml. and this 
decreased steadily to 13 mg/100 ml. after 4 hr, when a further 40 u. were 
injected. Convulsions occurred at 5 hr, and during the sixth hour the blood 
glucose concentration fluctuated between 7 and 9 mg/100ml.; but the 
maximum reduction in rectal temperature was 3° F (1-7°C). This pig did not 
respond to repeated glucose injections, initiated at 7} hr, and it died during 
the night. Pig 2 weighed 39 lb. and received a single injection of 40 u. of 
insulin. One hour later the glucose concentration was approaching 20 mg/ 
100 ml. and convulsions occurred after 3 hr, when the glucose concentration 
was about 15 mg/100 ml. The convulsions continued for 3} hr, and at this 
point (blood sugar concentration 5 mg/100 ml.) the rectal temperature was at 
its lowest, being 99° F (37-2° C) when originally it had been 102-6° F (39-2° C). 
The heart rate had likewise decreased, from 168 to 140 beats/min, although a 
minimum rate of 128 beats/min had been recorded earlier. This animal was 
kept alive with much difficulty, and although repeated glucose injections 
eventually restored it to a condition where it could be reared, it remained 
mentally defective and seemingly blind. Pig 3, which weighed 44 Ib., received 
a larger dose of insulin, 80 u. Convulsions were not initiated until after 5} hr 
(glucose concentration 12 mg/100 ml.), but the animal then passed rapidly 
into deep coma, so that at 6 hr, when the glucose concentration had fallen to 
6 mg/100 ml., the animal was near to death. Despite this, the rectal tempera- 
ture was 103° F (39-4° C), when originally it had been 104° F (40° C), and 
the heart rate had decreased from 132 to only 108 beats/min. The lowest 
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rectal temperature recorded throughout this last experiment was 102-3° F 
(39° C). Glucose therapy restored this pig to complete normality, but the 
recovery took several hours. 

In noting the decrease in the heart rate during hypoglycacmia, some 
allowance should be made for the change in the activity of the animal, 
'} irrespective of the blood sugar concentration. Thus at the beginning of these 
experiments the animals were alert and capable of apprehension. Although 
the heart rate was recorded when the animals were quiet, it is very probable 
that the rate would be noticeably less during sleep, and the latter state is in 
some respects more comparable with the non-convulsive prostration of 
hypoglycaemia. While the same argument applies to the calf and new-born 
| pig, it is of little consequence in the latter instance because the collapse of the 
heart rate is so marked. 


DISCUSSION 


The starving new-born pig demonstrates, after only a few hours, a concurrent 
| decline in the blood glucose concentration, the heart rate, the respiratory rate 

and the body temperature. This running down of some of the most obvious 
vital functions also occurs if the blood glucose concentration is reduced with 
insulin; indeed, the whole metabolism appears to rise and fall in step with the 
concentration of circulating glucose. In the new-born calf the general meta- 
bolism does not appear to be tied to the glucose concentration and, likewise, 
when the pig is old enough to have developed the means of maintaining the 
blood sugar during starvation there is similarly an almost complete in- 
> dependence of the blood glucose concentration in the same respect. The meta- 
bolic stability of adults and most new-born mammals so far investigated 
therefore, does not appear to depend on the ability to maintain the blood 
glucose concentration, that is on gluconeogenesis. Rather does it appear that 
as gluconeogenesis emerges and becomes fully developed so do the main effects 
of hypoglycaemia become limited to the nervous system. This is not to say 
that the organism is thereby protected from hypoglycaemia; for it is well 
known that the latter when continued long enough is still fatal. 

The question arises as to how the circulation’ and other activities are 
maintained in the new-born calf during severe hypoglycaemia when in the 
new-born pig they are not. Although it must be borne in mind that the glucose 
| concentration in the arterial blood of the calf has not been investigated at very 
low venous sugar concentrations, it is unlikely that the difference between 
arterial and venous glucose concentrations could remain unaltered under 
these conditions. Nevertheless, the calf might still be using glucose to maintain 
the circulation, in which event the tissues concerned either require little glucose 
or draw upon a supply of sugar external to that in the plasma. Alternatively, 
the calf might have access to a source of energy that is not derived from 
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glucose. Himwich & Fazekas (1937) suggested that such was the case in the 
adult dog; for under conditions of marked hypoglycaemia skeletal muscle 
continued to utilize oxygen at almost the normal rate even though the uptake 
of glucose was severely reduced. More recently, it has been shown for man 
that, even in the resting state and at normal arterial glucose concentrations, 
the utilization of glucose by skeletal muscle is small compared with the 
uptake of oxygen (Andres, Cader & Zierler, 1956). 

The problem as it affects the piglet may be resolved into two parts. First, 
what is the site of primary failure and, secondly, why does the failure occur? 
The primary failure could be widespread, and the general metabolic collapse 
could be evidence of the inability of many tissues to function without glucose. 
On the other hand, the primary failure might be more localized. The pos- 
sibilities are legion; but it is conceivable, for example, that the circulation 
might collapse and the decline in temperature and respiration be secondary 
phenomena. Concerning the cause of the failure, there can be only specula- 
tion; and this might best await further work. 


SUMMARY 


1. The new-born pig when starved soon dies in a state of severe hypo- 
glycaemia. With the decline of the blood glucose concentration there is a 
corresponding decline in general metabolism, as evidenced by the heart and 
respiratory rates, and the body temperature. 

2. The starving new-born calf maintains its blood glucose concentration for 
a week or more, and during this time it shows no serious metabolic deteriora- 
tion. Furthermore, when the blood sugar is reduced with insulin the calf 
behaves, except for certain neurological signs, as if indifferent to severe 
hypoglycaemia. The metabolic stability during starvation, therefore, does not 
derive solely from the ability to maintain the blood sugar concentration. 

3. If the blood glucose concentration of the new-born pig is reduced with 
insulin, a syndrome of complete collapse develops which is indistinguishable 
from the state that is seen during starvation. It appears, therefore, that the 
metabolism of the new-born pig is governed completely by the concentration 
of circulating glucose. 

4. The pig becomes increasingly refractory to starvation with age, and in 
the older pig, as with the new-born calf, insulin hypoglycaemia has no marked 
effect on the general body metabolism. 


‘The author is grateful to Mr P. J. D. V. Brett for general assistance. This work is part of a wider 
study that has been aided financially by the Agricultural Research Council. 
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THE DIFFERENCE IN CIRCULATION TIMES OF PLASMA 
AND CORPUSCLES IN THE CAT 


By A. C. GROOM, W. B. MORRIS anv 8. ROWLANDS 


From the Department of Physics, St Mary’s Hospital Medical School, 
London, W. 2 


(Received 29 November 1956) 


An investigation of the effect of slow haemorrhage on the circulation of the 
anaesthetized cat is being made using a technique previously described 
(Rowlands, 1953; Groom, 1954; Groom & Rowlands, 19564, 6). In the course 
of this work injections of red cells and albumin, labelled with radioactive 
isotopes, were given to measure the red cell and plasma volumes and the 
cardiac output of red cells and plasma. In one control experiment an obvious 
systematic difference between the circulation times of labelled cells and 
plasma was noted and this finding was made the subject of further study. 


METHODS 

Operative procedure. Cats were ariaesthetized with intravenous chloralose (80 mg/kg) and pento- 
barbitone sodium (12 mg). The right femoral artery was exposed and cannulated and 6 ml. of 
blood were withdrawn. This blood was labelled with *P by standard methods (Reeve & Veall, 
1949; Mukherjee & Rowlands, 1951; Groom & Rowlands, 19566). The following vessels were then 
exposed : left femoral artery, left brachial vein, right common carotid artery in the neck below the 
level of the cricoid cartilage, right external jugular vein. Blunt dissection was used as far as 
possible and all bleeding points were carefully tied off. The animal was then left undisturbed for 
about an hour to allow small vessels to seal. With these precautions it was rare to get bleeding 
later in the experiment when heparin had been given. After the hour a nylon cannula was passed 
into the brachial vein until the tip lay in the left subclavian vein just distal to the beginning of the 
left innominate vein. Through this 2500 i.u. heparin (Liquemin, Roche) was injected. This was 
sufficient to prevent clotting in the various cannulae for a period of 6 hr. Polythene cannulae were 
inserted in the right femoral artery, and into the superior vena cava via the right external jugular 
vein, and connected to condenser manometers (Southern Instruments, Ltd.) for records of blood 
pressure. A loop cannula, consisting of two flexible tubes of polyvinyl chloride connected to 
either end of a rigid thin-walled nylon tube 4-5 cm long, was inserted in series with the carotid 
artery. Finally a glass T-cannula was inserted in the right femoral artery through which samples 
of blood could be withdrawn. It should be noted that the above is the standard procedure for the 
main series of experiments. Some of the steps would be omitted if measurements of circulation 
time were the sole object of the work. 

Method of recording. The thin-walled centre section of the carotid cannula fitted into a groove 
of U-section in the crystal (Nal : Tl) of a scintillation counter. The pulses from the photomulti- 
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plier (type: E.M.1, 6260) of the counter were fed through an amplifier into a scale of ten thousand 
circuit and also into # counting rate meter coupled to one channel of a quick-response pen recorder 
(type: Evershed R.D. 15A). The other channel registered the time and duration of the injection. 
A conventional time marker recorded seconds on the paper. 

Injections. Red cells labelled with **P and human serum albumin labelled with "I were used as 
the tracers. The injection system consisted of a short length of glass tubing, having a tap at each 
end, attached to a normal syringe. The active fluid was drawn into the tube and the two taps 
closed. The fluid in the extremities of the tube beyond the taps was then removed and replaced by 
0-9% NaCl solution. An accurately reproducible quantity of active fluid, of approximate volume 
0-2 ml., remained in the tube after this manoeuvre. The active fluid was then injected via the 
cannula in the subclavian vein by opening the two taps and washing the glass tube through with 
1 ml. of 09% NaCl solution from the syringe. The beginning and duration of the injection was 
registered on the pen recorder by means of an electrical spring contact on the piston rod of the 
syringe. The injection of the whole 1-2 ml. of liquid took approximately 0-3 sec and this means 
that the active fluid all entered the circulation in about 0-05 sec. 


4 B D 

Fig. 1. A typical recording showing the variation of the counting rate in the carotid cannula with 
time (time marker in seconds). A, beginning of the injection; B, arrival of activity in the 
carotid cannula; @, the peak of the curve; D, the onset of recirculation; AB, minimum 
pulmonary circulation time; AC, modal pulmonary circulation time; BD, minimum total 


Each injection had an activity of about- 20 uc. The labelled red cells, after preparation, were 
resuspended in the animal’s own plasma to make whole blood. The human serum albumin was 
labelled with '**I (The Radiochemical Centre) and each injection consisted of approximately 1 mg 
albumin in saline. Everett, Simmons & Lasher (1956) have used labelled human serum albumin 
to measure the blood volume of rats and they could detect no adverse effect of the foreign protein 
on the animals, In the present experiments the injected albumin had no detectable effect on 
arterial systolic or diastolic pressure, pulse shape, heart rate, central venous pressure (other than 
a transitory rise due to the volume of fluid injected) or respiration. 

Experimental procedure.. In four experiments alternate injections of cells and albumin were 
given and in two experiments the order was interchanged several times during the experiment. 
For example, the order of injections in Expt. 6 was A, C, C, A, C, A, A, C, A, C, C, A, where A and C 
represent injections of albumin and cells respectively, Ten to sixteen injections were given and the 
interval between them was approximately 40 min. This interval was determined by one of the 
other objects of the experiments—an accurate estimate of blood volume. 

Analysis of the records. A typical record of the activity in the carotid cannula is shown in Fig. 1. 
The curve is analysed as in the Hamilton dye method of measuring cardiac output (Kinsman, 
Moore & Hamilton, 1929; Groom & Rowlands, 19566). A plot made on semi-logarithmic graph 
paper shows that the descending portion is exponential until a sudden change of slope indicates 
that reciroulation of the indicator has begun. The exponential portion is extrapolated on the 
original record, and this represents the trace that would be produced in the absence of recircula- 
tion, The derivation of this part of the curve is an essential step in the calculation of cardiac 
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output, but its interest in this paper is its divergence from the recorded curve. The time at which 
the two curves diverge is the time at which active blood reaches the carotid cannula having 
traversed the heart and lungs, one of the channels of the systemic circulation and then the heart 
and lungs again. The circulation times are taken from the curves by marking the following points 
on the traces: (A) the beginning of the injection, (B) the arrival of activity in the carotid cannula, 
(C) the peak of the curve, (D) the onset of recirculation. The time interval A—B is named the 
minimum pulmonary circulation time, A—C the moda) pulmonary circulation time and B-D the 
minimum total circulation time. 

The paper of the pen recorder was driven by a synchronous motor through a precision gear box 
and the paper-speed was remarkably constant. In fact the time marks to be seen on the record in 
Fig. 1 were a less reliable measure of time than the distance travelled by the paper and served 
largely to indicate at which of the pre-set speeds the paper was running. All the traces in the 
present experiments were taken at a paper speed of 0-51 cm/sec. The points A, B, C and D were 
marked on each trace with a mapping pen and the horizontal distances 4—B etc. measured with 
a steel rule to the nearest 4 mm: that is, the time intervals were measured to the nearest tenth of 
a second. The actual precision of the figures was not as high as this in the later traces, since 
increasing radioactive background masked the shape of the curves to some extent. This deteriora- 
tion due to increasing background is clearly seen in the set of curves in a previous publication 
(Groom & Rowlands, 19565). In the present paper, Fig. 1 is the eighth trace of a series of twelve. 
Points B and D can still be read to better than 0-2 sec but before inserting point C the curve has 
to be smoothed by eye and the precision of this point is somewhat less. The greatest uncertainty 
reached in the last trace of an experiment is no more than 0-3 sec, and in the early traces the times 
can be assessed to 0-1 sec. The time of starting the injection is electrically recorded, and the 
uncertainty of the point A is negligible. 


RESULTS 


The individual measurements of the three circulation times in one experiment 
are given in Table 1. Alternate injections of labelled albumin and red cells were 
given, starting with albumin. It will be seen clearly that each red cell circula- 
tion time is less than the preceding and subsequent albumin circulation times. 
In this experiment the state of the circulation was remarkably steady. 
Arterial and venous blood pressures showed no appreciable change over 
a period of 6 hr and the twelve measurements of cardiac output derived from 
the curves (see Methods) had a standard deviation of less than 3%. This was 
the experiment, mentioned on p. 218, in which the difference in circulation 


TaBxz 1. Circulation times (sec) of *‘I-labelled human serum albumin (albumin) 
and **P-labelled red cells (corpuscles) in Expt. 1 


Minimum Modal Minimum 

no. Albumin Albumin Albumin Corpuscles 

1 6-2 11-2 13-7 

2 — 5-5 10-4 12-4 

3 6-4 _ 11-2 13-5 

4 5-9 10-0 11-2 

5 6-5 11-6 14-4 

6 5-8 9-9 11:3 

7 6-3 11-2 13-3 

8 4-7 8-9 11-2 

9 §-2 10-0 12-5 
10 5-0 9-0 11-5 
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times was first noticed. Unfortunately such steady conditions have not been 
achieved either before or since. 

In the other five experiments there are cases where, owing to the variation 
in the state of the circulation between injections, the red cell circulation time 
_ exceeds either the previous or subsequent albumin circulation time or both. 
It has therefore been necessary to subject the results to statistical analysis. 
Each albumin circulation time has been paired with its succeeding or pre- 
ceding red cell circulation time and for each experiment the mean difference in 


TasLe 2. Mean circulation times (sec) of *I-labelled human serum albumin (albumin) and 
32P-labelled red cells (corpuscles) together with the mean of the differences in circulation 
times (sec) and the mean of the ratios of circulation times (albumin/corpuscles) 


Mean of the Mean of the 
differences + 8.z. ratios + 8.2. 
Expt. Albumin Corpuscles of mean of mean 
(a) Minimum pulmonary circulation time 

l 6-12 5-38 0-7440-19 1-144.0-044 

2 3-13 2-98 0-1540-17 1-05 + 0-040 

3 3-60 3-46 0-144+0-16 1-05 + 0-037 

4 4-50 4-29 0-21+0-15 1-05 + 0-035 

5 5-07 4-80 0-2740-17 1-06 + 0-040 

6 6-08 5-90 0-17+0-17 1-03 + 0-040 


Over-all mean ratio 1-060+0-016 mean) (t=3-75; P <0-001) 


(6) Modal pulmonary circulation time 


11-04 9-64 1-40+0-21 1-15+0-028 
2 5-63 5-16 0-47 + 0-20 1-09 + 0-026 
3 6-47 5°77 0-70+0-18 1-:124+0-024 
4 7-89 7-52 0-3640-17 1-06 + 0-022 
5 8-64 7-86 0-78 40-21 1-10+0-028 
6 10-40 9-86 0-52 + 0-20 1-06 + 0-026 


Over-all mean ratio 1-092 40-010 (s.z. mean) (¢=9-0; P <0-001) 


13-48 11-52 1-96 +0°37 1-17+0-050 
2 6-67 5-63 1-03 40-34 1-19+0-046 
3 8-87 7-54 1-33+0-31 1-18 +0-042 
4 9-19 8-47 0-714+0-29 1-08 + 0-040 
5 10-24 8-98 1-26 + 0-37 1-16+0-050 
6 12-65 10-51 2-13+0-34 1-214 0-046 


Over-all mean ratio 1-162+0-018 (s.2. mean) (¢=8-9; P < 0-001) 


circulation times and the mean ratio of circulation times was calculated. The 
standard error of each of these means was computed in terms of a pooled 
estimate of variance over the six experiments. This analysis has been per- 
formed for all three types of circulation time, minimum and modal pul- 
monary and total circulation time, and the results are given in Table 2. 

The differences in circulation times were not consistent with each other, 
particularly in the case of total circulation times, largely because greater 
differences accompanied the greater mean circulation times. On the other 
hand, the ratios were shown, by analyses of variance, to be in each case quite 
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consistent, and over-all values are quoted in the table together with their 
standard errors. The difference from unity is in each case highly significant 
(P <0-001). There is no significant difference between the results of the first 
four experiments in which alternate injections were given and the last two 
experiments in which the order of injections was modified. 


DISCUSSION 


Fabraeus (1929) noticed that in blood, passing through tubes of bore less than 
1 mm, the corpuscles tended to move towards the axis of the stream where the 
velocity of the fluid is greatest. One of the curves published by Dow, Hahn & 
Hamilton (1946) indicated that cells and plasma might have different transit 
times through the lungs of a dog. Freis, Stanton & Emerson (1949) investigated 
the blood flow through the human forearm, and came to the conclusion that 
the mean velocity of the red cells is ‘perceptibly greater’ than that of plasma. 
The present results show a statistically significant difference in the circulation 
times of labelled albumin and labelled red cells in the cat, and it remains to be 
proved that the behaviour of these labelled substances is in no relevant way 
different from that of the normal constituents of blood. The use of red cells, 
labelled in witro with **P, is known to be a reliable method of measuring red 
cell volume in human beings (Reeve & Veall, 1949), in dogs (Mukherjee & 
Rowlands, 1951), and in cats (Rowlands, Freeman & Fleming, 1954). There is 
a slow loss of **P from the labelled cells but this is less than 4°% each hour and 
the loss could in no way affect the values of the circulation times. Human 
serum albumin labelled with "I has been used successfully by Everett et al. 
(1956) to measure the plasma volume of rats, and in our experiments we find 
that this substance has no adverse effect on the circulation (see Methods) and 
that it gives reliable values for plasma volume (Groom & Rowlands, unpub- 
lished). There is found to be an appreciable fall in the activity of the blood, of 
about 5% each hour, if, after a single injection of labelled albumin, the 
counting rate in the carotid cannula is followed for some hours, but once more 
this cannot affect the values of the circulation times. There remains, however, 
the possibility of a rapid removal of marked substance during the first com- 
plete circulation of blood after the injection. In Fig. 2 curves 7 and 8 of 
Expt. 1 are reproduced, superimposed with the injection points and base lines 
coincident. Curve 7 is due to albumin and curve 8 to red cells. The difference 
in circulation times is obvious. The cardiac outputs of whole blood derived 
from the analysis of these two curves (see Methods) are 235 and 237 ml./min 
respectively. Moreover, the standard deviation of all ten cardiac outputs in 
this experiment is less than 3%, and statistical analysis shows there is no 
systematic difference between cardiac outputs of whole blood determined 
with the two different labelled substances. There can therefore be no pre- 
ferential loss of one marked substance in a single circulation and in the unlikely 
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event of an equal loss of both marked substances, both circulation times would 
be equally affected. 

Each injection consists of the marked substance followed by 1 ml. of 
0-9% NaCl solution. The injection will therefore reduce slightly the viscosity 
of the blood and so perhaps decrease the circulation time. The viscosity of the 
labelled albumin plus saline will, however, be less than that of the labelled red 
cells plus saline so that if this was a contributing factor the circulation time of 
the albumin would be less than that of the red cells. 
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Fig. 2. Recordings 7 (radioactive albumin) and 8 (radioactive red cells) superimposed with their 
injection points and base lines coincident. Curve 7 starts to the right of curve 8. 


In Expts. 1-4 alternate injections of cells and albumin were given. In these 
experiments it is possible that, 40 min after an injection of albumin, there 
might be a decreased circulation time when the red cells were injected but that 
the effect could have worn off 40 min later still when the next injection of 
albumin was made. This objection is met in Expts. 5 and 6, where the order of 
injections was changed. In the two experiments there are three groups of 
observations in which two red cell injections are sandwiched between albumin 
injections and three groups in which two albumin injections are sandwiched 
between red cell injections. There are thus six of these sets of measurements on 
each of the three circulation times under study, or eighteen examples in all. 
Both red cell times are less than both albumin times in ten groups and there is 
no group in which the two red cell times exceed both albumin times. It has 
already been stated (p. 222) that these two experiments give results consistent 
with the rest. 

In a preliminary communication (Groom & Rowlands, 1957), describing 
Expts, 1 and 2 only,.we tried to show that there was a statistical difference 
between the mean values of circulation times in experiments lasting upwards 
of 6hr. A significant difference occurred in five out of six of the pairs of 
values quoted. In subsequent experiments we realized that there are con- 
siderable: fluctuations in the circulation times in the anaesthetized cat over 
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a period of 6 hr or more, especially in animals subject to haemorrhage, and it 
was pointed out to us that what we needed to show was not so much a difference 
in mean times, which might have large standard deviations, but a difference in 
paired values. This is the justification for the method of analysis used here (see 
Results). 

It is a defect in the work that the observations on the circulation times of 
the two labelled substances were not made simultaneously: but the experi- 
ments were designed with other ends in view (see p. 218) and the present 
results are a chance finding. We hope in the near future to make the apparatus 
suitable for simultaneous observations. This will eliminate the effects of 
fluctuations in the state of the circulation on the relative circulation times of 
the labelled substances. This will also permit a careful examination of the 
disparities between the mean ratios for the three different measurements of 
circulation time (Table 2). It will be seen from this table that the ratios for 
minimum and modal pulmonary times do not differ by more than twice their 
standard errors and so the difference may be due to chance, but there is 
a statistically significant difference between the over-all ratio (1-162) for the 
total circulation time and the over-all ratios for the other two (1-060 and 
1-092). 

Referring back to the end of the section on Methods, we have, for con- 
venience, called the time intervals deduced from the curves by certain names. 
Our minimum pulmonary circulation time is, for example, the time for the 
circulation of blood from the subclavian vein to the carotid artery. In this 
paper we have only been concerned to prove a difference in circulation times 
of cells and plasma and further work will be necessary before the actual times 
through different vascular beds can be established. 


SUMMARY 

1, **P-labelled red cells and ™I-labelled human serum albumin were 
injected alternately into a vein of an anaesthetized cat. 

2. Observations were made on the minimum pulmonary, modal pulmonary 
and total circulation times, as defined, of the two substances. 

3. Six experiments were performed in some of which the order of injections 
was randomized. The mean ratio of the circulation times of labelled albumin 
and labelled red cells is greater than unity and the difference from unity is 
highly significant (P < 0-001). 

4. Evidence is produced in support of the claim that the behaviour of the 
labelled substances is the same as that of the normal constituents of blood. 

The authors wish to thank the Royal Society for a grant to one of us (S. R.). They are most grate- 
ful to Dr P, Armitage of the M.R.C. Statistical Unit for his help in the analysis of the results, to 


Drs K. W. Cross, T. R. Lomer and P. W. Roberts for advice and practical assistance and to 
Messrs J. H. Baker-Self, E. J. Critchfield and K. D. Wallace for technical assistance. 
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LYMPHOCYTE CONTENT OF LYMPH FROM THE THORACIC 
AND CERVICAL DUCTS IN THE GUINEA-PIG 


By W. 0. REINHARDT* anv J. M. YOFFEY 
From the Department of Anatomy, University of Bristol 


(Received 30 August 1956) 


Though the guinea-pig is a commonly used laboratory animal, data on its 
thoracic duct lymph flow and lymphocyte output are virtually non-existent 
(see Drinker & Yoffey, 1941), except for the recent observations of Wesslén 
(1952@). But Wesslén’s figures, though useful from his point of view, are of 
doubtful value as an indication of normal flow and cell content, for he employed 
abdominal massage. Florey (1927) and others have shown that massage of 
lymph nodes greatly increases the cell content of their efferent lymph. 

In the course of quantitative studies of blood formation in the guinea-pig, 
it was found desirable to obtain more accurate data on lymphocyte output, 
and accordingly the present experiments were undertaken. 


MATERIAL AND TECHNIQUE 

The work has been done on twenty-five healthy male guinea-pigs of the Dunklin-Hartley strain. 
The animals were fed on a diet of pellets and water, with the addition of green vegetables and 
carrots. They were anaesthetized by the intraperitoneal injection of 4 mg/100 g body weight of 
a 6% solution of sodium pentobarbitone (Veterinary Nembutal, Abbott Laboratories). Positive 
pressure artificial respiration was maintained via a tracheal cannula throughout the experiment. 
Cell counts were made with standard equipment and technique. Smears were stained by MacNeal’s 
(1922) tetrachrome stain. 

Samples of cervical duct lymph were collected for 1 hr, and of thoracic duct lymph for three 
consecutive periods of 1 hr, using an operative approach similar to that employed in the rat 
(Reinhardt, 1945, 1946) except’ for the artificial respiration. Clotting was cannines by the 
occasional addition to the lymph of a small amount of powdered heparin. 


RESULTS 


The thoracic duct data are presented in Table 1. The white cells of the lymph 
are virtually all small lymphocytes. The five animals in which the cervical 
ducts were cannulated had a mean body weight of 235 + 18 g, and are not 
therefore included in Table 1, which is based on a group of animals having a 
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mean weight of 272g. Lymph from the cervical ducts was collected for a 
period of only 1 hr, with a mean volume of 0-046 + 0-006 ml., a mean lym- 
phocyte count of 6520 + 1630 and a mean lymphocyte production per duct 
per hour of 320,000 + 110,000. 


Tasue 1. Thoracic duct lymph flow and lymphocyte output in twenty normal male guinea-pigs 
(body wt. = 272 + 53g) 


Time No.of Lymph fi L Total 


(hr) m* x 10*) ( x 10°) 
lst hr 20 1044008 12-6+1-2 13-342-0 
2nd hr 20 1-03 + 0-03 15-0422 15-242-1 
3rd hr | 20 0-97 + 0-02 17'742-2 18-1+2-6 
Av./hr 20 1-01+0-04 15-1418 15-5422 
Av. 24 hr 20 24-3 + 0-96 372 +53 


(All figures are means + standard errors of the means) 


The cells in thoracic duct lymph 


Though there are some large (Pl. 1, fig. 1) and intermediate (Pl. 1, fig. 2) 
forms present, most of the cells seen in ee of thoracic duct lymph are 
small lymphocytes (figs. 2-6). In smear preparations, as is well known, cell 
size varies with the rate of spread, and in different parts of the smears. 
Accordingly, no attempt has been made to distinguish between small and 
intermediate lymphocytes. However, most of the large lymphocytes (fig. 1) 
fall into a morphologically distinctive group, and in five animals in which a 
differential count was performed they averaged 2-7 °% (range 1-2-3-6%). 

The small lymphocytes have a typically pachychromatic nucleus with a 
minimum of only moderately basophilic cytoplasm. The nucleus frequently 
shows a chromocentre (e.g. fig. 3), probably containing a nucleolar core which 
becomes evident after the outer covering of deoxyribonucleic acid is digested 


away with deoxyribonuclease (Pathak, Reinhardt & Yoffey, 1956). Many ofthe © 


small lymphocytes show varying degrees of nuclear indentation (figs. 3, 4) 
and occasionally the appearance of a chromocentre may be simulated by the 
overlap of the two parts of the nucleus divided by the indentation. At times 
a wide indentation suggests a monocyte (e.g. fig. 4), more especially where 
granules are to be seen in the nuclear ‘Hof’, but these cells are few and far 
between. It is generally agreed that very few if any monocytes are normally 
present in thoracic duct lymph (Rous, 1908; Simpson 1922; Kindwall, 1927; 
Bloom, 1928). 

The large lymphocytes possess a varied morphology. Apart from the question 
of size, they differ from the smaller lymphocytes in having a higher ratio of 
cytoplasm to nucleus, while the cytoplasm is more basophilic and often 
contains ‘vacuoles’ (fig. 1). The nuclei are usually not like those of typical 


blast cells, since they are pachychromati-; a cell such as fig. 7 with a lepto- 


chromatic nucleus is exceptional. 
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DISCUSSION 
Relation to blood lymphocytes 
The blood volume, calculated on the basis of Ancill’s (1956) data, is 19-58 ml. 
If we use the mean blood lymphocyte count of Harris, Herdan, Ancill & 
Yoffey (1954), namely 4700/mm*, then the total number of circulating blood 
lymphocytes is 19-58 x 4,700,000 = 92 x 10°. 

This compares with a mean thoracic duct output per day of 372 x 10* 
lymphocytes, and the D.R.F. (Daily Replacement Factor) would therefore 
be 372/91 = 4:1. This does not include the cervical duct figures, but if we 
assume that, despite the slight difference in weight, the cervical duct output 
would not be very different in the two sets of animals, the calculated D.R.F. 
would rise to 4-25. These calculations are based on the assumption that the 
great majority of the cells in thoracic duct lymph, for the most part small 
lymphocytes, are newly formed. The evidence for this assumption, and also 
for the view that the small lymphocyte may be a young and immature cell, 
is fully discussed elsewhere (Yoffey & Courtice, 1956). 

Recently, Hughes, May & Widdicombe (1956) have calculated that the 
rabbit has a D.R.F. of about 11-0. This figure was reached by taking into 
account the lymphocyte output not only of the thoracic duct, but also of the 
subclavian, cervical and right lymph ducts. The lymphocyte content of the 
right lymph duct was estimated indirectly, by cannulating the thoracic 
duct in an anaesthetized rabbit in which, after ligation of the right lymph 
duct, sufficient time had elapsed to permit the enlargement of communicating 
channels between the thoracic and right lymph ducts. These channels un- 
doubtedly exist (see, for example, Lee, 1922; Freeman, 1942; Blalock, 
Robinson, Cunningham & Gray, 1937; Drinker, 1945), though unless one of 
the main ducts is obstructed they are apparently small and unimportant 
(Carlsten & Olin, 1952). The lymphocyte content of one subclavian duct was 
measured in nine unanaesthetized rabbits, and the output of the cervical 
duct was assumed to be of the same order. 

Though a D.R.F. of 11-0 may seem to be unusually high, it is quite con- 
ceivable that the true D.R.F. may be even higher than that calculated by 
Hughes et al. (1956), Thus their estimate may not include (a) lymph from the 
hind limbs, (6) lymph entering the blood through lymphatico-venous communi- 
cations other than the thoracic and right lymph duct, or (c) ‘Direct entry’ 
lymphocytes. 

Lymph from the hind limbs reaches the blood through the thoracic duct, 
but there is a strong probability that in theanaesthetized animal there is no 
lymph flowing from the hind limbs. As far as other lymphatico-venous 
communications are concerned they have been described in both the thorax 
and the abdomen (e.g. Silvester, 1912; Job, 1918; Andreasen & Gottlieb, pi 
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but here again there is no information about the numbers of lymphocytes 
which may enter the blood through these channels. 

‘Direct entry’ lymphocytes obtain access to the blood from the lymphoid 
tissues directly, by passing through the endothelium of the blood capillaries 
without first entering the lymph stream (Zimmerman, 1923; Schulze, 1925; 
Bloom, 1938; Sanders, Florey & Barnes, 1940). Though the lymphatic 
obstruction experiments of Blalock et al. (1937) seem to argue against the 
occurrence of direct entry lymphocytes in large numbers, these experiments 
are by no means conclusive. At the time the animals were killed they were 
losing weight rapidly. Lymphoid tissue undergoes marked atrophy in mal- 
nutrition, and this appears to have occurred in the experiments just cited. 
It may well be therefore that the lymphopenia was due to atrophy of lym- 
phoid tissue, and that had this atrophy not occurred an appreciable number 
of lymphocytes might have found their way to the blood stream despite the 
lymphatic obstruction. 

Effects of anaesthesva 

The effects of anaesthesia on lymphocyte output are difficult to analyse, 
since the final result depends on (1) alterations in lymph flow, (2) massage of 
lymph nodes produced by movement, (3) a direct action upon lymphocyte 
formation either by the anaesthetic, or by changes which it may induce— 
e.g. discharge of steroids from the adrenal cortex. 

An increased lymph flow may, by mechanically flushing out the lymph 
nodes, result in a temporary increase in the number of lymphocytes in the 
efferent lymph (cf. Ehrlich & Lazarus, 1905; Rous, 1908). If only mechanical 
factors were at work, the initial increase in lymphocyte output would be 
followed later by a decrease, but in a short-term experiment only the increase 
would be noted. | 

Hughes et al. (1956) cite some of the experiments of Dr B. C. Whaler on 
rabbits, which indicate that anaesthesia per se has no appreciable effect on 
thoracic duct lymphocyte output. The experiments of Yoffey (1935) in the 
dog, of Mann & Higgins (1950) and Shrewsbury & Reinhardt (1952) in the 
rat, and of Glenn; Bauer & Cresson (1949) in the dog, are also pertinent in 
this connexion. The problem is complicated by the fact that not all anaes- 
thetics appear to have the same action: Thus Polderman, McCarrell & Beecher 
(1943) found that ether increased the flow of cervical lymph while pentobarbital 
sodium reduced it. Hungerford & Reinhardt (1950) found that, in 40-day-old 
rats, the thoracic duct lymph flow was 30% greater under ether anaesthesia 
than under pentobarbital sodium, but in 60-day-old animals this difference 


could not be observed. In dogs, Cain, Grindlay, Bollman, Flock & Mann (1947) . 


noted that under ether anaesthesia there was an increased flow both of hepatic 
and of thoracic duct: lymph, though Nix, Mann, Bollman, Grindlay & Flock 
(1951) reported an increased lymph flow after recovery from ether anaesthesia. 
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Alterations in lymph flow may also result merely from immobilization 
during anaesthesia, most markedly in the limbs, but to an appreciable extent 
in the head and neck also. Besides stimulating the flow of lymph, movement 
probably exerts a mild massaging effect on the lymph nodes and, as has been 
shown by several workers (e.g. Florey, 1927) this liberates an increased number 
of cells from the lymph nodes. 

Finally, there is the possibility that either the anaesthetic or some substance 
produced by its administration, has a direct action on lymphoid tissue. 
‘Stress’ effects upon lymphoid tissue are difficult to evaluate, but it may be 
noted that in the present experiments (see Table 1), though the lymph flow 
remained virtually unchanged over a three-hour period, the lymphocyte 
output appears to undergo a definite increase. This finding seems to argue 


against any depressant effect on lymphopoiesis of the anaesthetic employed 
in the present work. 


Relation between daily replacement factor and size of animal 

A survey of the literature suggests that, on the whole, the trend is for the 
D.R.F. to vary inversely with the size of the animal: 

Rat, 5-0-6-0 (Mann & Higgins, 1950) but 2-06 (Reinhardt, 1945). 

Rabbit, 5-0 (Sanders et al. 1940). 

Cat, 0-56-3-5 (Sanders ef al. 1940), 2-2 (Adams, Saunders & Lawrence, 1945). 

Dog, 2-06 (Yoffey, 1936). 

Man, 1-0 (Courtice, Simmonds & Steinbeck, 1951). 
See also Bierman, Byron, Kelly, Gilfillan, White, Freeman & Petrakis, 1953. 


Technique of lymph collection 

As was the case in similar studies in the rat (cf. also Wesslén, 1952a, in 
guinea-pigs) it was not found technically feasible to tie the collecting glass 
cannula into the lumen of the thoracic duct, but only to push it in slightly, 
through a tear in the wall. The criticism can obviously be made that such a 
procedure does not result in the collection of all the lymph passing through 
the duct. Indirect evidence, however, suggests that this criticism is invalid, 
and that the collection is in fact complete. Thus, in the rat, the completeness 
of lymph collection in the neck has been checked by comparison with the 
flow and cell output from cannulae tied in the abdominal thoracic duct, as 
in the method of Bollman, Cain & Grindlay (1948). In these experiments 
(Mann & Higgins, 1950; Hungerford & Reinhardt, 1950), the difference in 
cell flow and content as between the two methods of collection has not been 
marked, suggesting therefore that collection from the duct in the neck has 
been substantially complete. In addition, in the present experiments it was 
noted that compression of the innominate vein at the jugulo-subclavian angle 
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did not result in an increased flow of lymph, as might have been expected had 
there been only a partial collection of lymph before the compression. Further- 
more, the data obtained in the present series of experiments are quite close 
to those of comparable animal forms in which the duct has been cannulated. 


The large lymphocytes 

As is clear from Pl. 1, fig. 1, the large lymphocytes occurring in thoracic 
duct lymph do not resemble typical blast cells, but rather what Sundberg & 
Downey (1942) would term ‘reticular lymphocytes’. Because of their size, 
it is possible that these larger cells would be prone to be filtered out of the 
blood stream in the pulmonary capillaries, where they might conceivably give 
rise to the focal accumulations of lymphoid tissue which are occasionally seen 
in the lungs. 


Plasma cells are virtually never seen in thoracic duct or other lymph, even _ 


though they may occur in considerable numbers in lymph nodes. Matsumura, 
Tanaka & Takenaka (1952) injected pertussis vaccine into the pad of the rabbit’s 
foot, and then, 4 days later, noted that lymph draining the popliteal node 
contained 5% of ‘plasmoid’ cells. But the name is misleading for, as they 
themselves point out, the cells which were thus designated were certainly 
not plasma cells, but rather basophilic large lymphocytes. Working also with 
rabbits, Wesslén (19526) examined the cells of thoracic duct lymph 3 days 
after the subcutaneous injection of living typhoid bacilli. The lymphocytes 
were first centrifuged and washed in saline, and then divided into two portions. 
One half of the cells was lysed in distilled water, while the other half was 
suspended in normal serum, and cultured for 48 hr in a roller tube. The 
cultured leucocytes contained specific agglutinin, whereas the lysed lympho- 
cytes did not. Wesslén therefore concluded that the cells of thoracic duct 
lymph could form antibody. If one accepts the view that only plasma cells 
are capable of forming antibody, these large thoracic duct cells must be either 
very abnormal plasma cells or more probably plasma cell precursors. 


SUMMARY 


1. Data are presented on the thoracic duct lymph flow and lymphocyte 
content of twenty normal male guinea-pigs with a mean weight of 272 + 5-3 ¢., 
and on the cervical duct lymph flow and lymphocyte content of five normal 
male guinea-pigs with a mean weight of 235 + 18 g. 

2. On the basis of these figures the daily replacement factor is estimated 
to be 4-25, but reasons are adduced for thinking that the true D.R.F. 1s 
appreciably in excess of this. 

3. Thoracic duct lymph in the guinea-pig contains a seaiiaibaionns of small 
lymphocytes. 
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EXPLANATION OF PLATE 


The figures are untouched photomicrographs of cells from dry smears, stained with MacNeal’s 
tetrachrome, of thoracic duct lymph of normal guinea-pigs. Figs. 1-5, x 1310, figs, 6, 7, x 1900. 
Fig. 1. Large lymphocyte with pachychromatic nucleus, and an unusually well-marked ‘plasma 
vacuole’, 

Fig. 2. One medium-sized and one small lymphocyte. 

Fig. 3. Three small lymphocytes, of which the upper has an indented nucleus. Note the chromo- 
centres. 

Fig. 4. One small lymphocyte, and one monocytoid cell. 

Fig. 5. Two small lymphocytes, one with cytoplasmic ‘ budding’. 

Fig. 6. One small and one medium lymphocyte, both with pachychromatic nuclei; the larger 
has a well-marked chromocentre. 

Fig. 7. Large lymphocyte with leptochromatic nucleus, possibly in early prophase. Mitosis is 
observed occasionally in the large cells of thoracic duct lymph. 
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THE ROLE OF THE ANTIDIURETIC HORMONE DURING 
WATER DEPRIVATION IN RATS 


By 8. E, DICKER anv JOAN NUNN 
From the Department of Pharmacology, University College London 


(Received 10 September 1956) 


It has been suggested that the survival of animals deprived of water is in direct 
proportion to their ability to concentrate their urine, and that the high con- 
centration of their urine is achieved at the expense of an increased secretion of 
the antidiuretic hormone. The problem investigated here was to see whether 
the decrease of the urinary volume observed in laboratory rats deprived of 
water was the sole factor in the mechanism of water preservation and if so, 
whether the reduction of urinary secretion was the result of a corresponding 
increase in secretion of the antidiuretic hormone. 


METHODS 


White adult male rats of body weight ranging from 250 to 325 g were fed on a standard diet, 100 g 
of which contained: protein 14 g, fat 4 g, and soluble carbohydrate 49 g; calorific yield 400 cal/ 
100 g. From its composition, it could be calculated that its metabolic water was 52 ml./100 g 
food : ita amount of moisture (i.e. ‘ preformed water’) was 13-0 ml./100 g. The water content of food 
and of faeces was estimated by drying in an oven at 104° C for 48 hr. The rate were kept in 
metabolism cages, at a temperature of 21° C; the degree of humidity was not recorded, Urine 
separators were fixed to the cages and the faeces were collected separately in a vessel with narrow 
neck so as to diminish water evaporation. Whenever possible fresh faeces were collected for the 
estimation of their water content. For the estimation of its antidiuretic activity urine was col- 
lected in a solution of 3% (v/v) acetic acid (final concentration, 0-2-0-3%). Pituitary glands were 
removed, dried and extracted as specified in the British Pharmacopoeia (1953); the amount of 
acetic acid used in their extraction did not exceed 0-2 ml./gland of a 0-25 % acetic solution (Bentley 
& Dicker, 1955). Urine samples were analysed for their Na and K content, using an EEL flame 
; occasional Cl estimations were 

The antidiuretic activity of urine or of dissected neurohypophyseal glands was estimated by 
intravenous injection in rats under ethanol anaesthesia, with the water load kept constant (Dicker, 
1953). The vasopressor activity of the neurohypophysis was estimated on rats anaesthetized with 
urethane and injected with dibenamine (Dekansky, 1952) and the oxytocic activity on a rat’s 
isolated uterus (Holton, 1948). Each assay of the antidiuretic, vasopressor or oxytocic activity 
consisted of four doses, two of the standard and two of the unknown, the ratio, high to low dose, 
being the same for standard and unknown solutions. Results were expressed in terms of the anti- 
diuretic or vasopressor activity of a solution of vasopressin, or in terms of oxytocic activity of a 
solution of oxytocin. 
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Drugs. Pitressin (Parke Davis and Co., batch LS 882 H) and Pitocin (Parke Davis and Co., 
batch E 378212) were used as standard for the estimation of the antidiuretic, vasopressor and 
oxytocic effects. The antidiuretic and vasopressor activity of the drug Pitressin has been referred 
to as ‘vasopressin’, and the oxytocic activity of the drug Pitocin as ‘oxytocin’. 


RESULTS 
. Validity of the essays 

The errors of the methods for assaying either the antidiuretic or the oxytocic 
activity of preparations have been defined previously. The present series of 
assays fell within the limits stated (Dicker & Greenbaum, 1956; Bentley & 
Dicker, 1955). To estimate the accuracy of the method for assaying the vaso- 

‘pressor activity, known amounts of vasopressin were added to urine collected 
from well hydrated rats (8-0 ml. water/100 g body weight) kept under ethanol 
anaesthesia. Control samples had no pressor activity. In experiments where 
standard and test solutions had the same concentration of vasopressin, and the 
doses injected were 0-1 and 0-2 ml., the mean recovery was 101-5 % + 0-02, s.r. 
of six estimations (range: 85-112°%) of the stated potency. When, however, 
the test solutions contained half the amount of vasopressin of the standard 
solution and the doses of unknown injected were 0-2 and 0-4 ml., the mean 
amount of activity recovered was 87-5 + 0-59 (5) only (range: 57-148 %) of 
the stated potency. 

Observations on normal rats 

Pair weighed rats kept in metabolism cages for up to 5 days were provided 
with food and water ad libitum. The amounts of food and water consumed were 
recorded as well as those of urine and faeces excreted: the total water intake 
was calculated as water drunk + preformed water in the food + metabolic water. 
Observations were made during winter and summer: as no essential differences 
due to seasonal changes were noted, all results were pooled. 

Observations have been made on thirty-four rats. The mean gain of body 
weight was 2-0 g + 0-05 (34) in 5 days. Food eaten averaged 10-1 g + 0-32/100 g 
body weight/24 hr (34), and the water drunk was 12-1 ml. + 0-23/100 g/2¢4 hr (34). 
When expressed in terms of body surface, this represents some 9 ml./100 cm?, 
which is of the same order of magnitude as the water drunk by a normal 
adult man (body surface 1-80 m*). The urine excretion was 3-5 ml. + 0-37/100 g 
body weight/24 hr (34). In two other series of observations on rats on diets of 
the same calorific value the urine flow was about the same: 3-4 ml. + 0-22/ 
100 g/24 hr (26) (Dicker, unpublished), and 3-6 ml. + 0-84/100 g/24 hr (30) 
(Dicker, 1949). When expressed in terms of body surface, this would be equiva- 
lent to a urinary volume of about 270 ml. for adult man. The difference between 
total water intake (18-5 ml.) and urine excretion (3-5 ml.) represents the 
insensible water loss, ie. water lost by evaporation and with faecal matter. 
The insensible water loss was 15-0 ml./100 g/24 hr, which is of the same order 
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of magnitude as that calculated by Schmidt-Nielsen & Schmidt-Nielsen (1950) 
for ratus norvegicus. The mean weight of faeces was 2-8 g + 0-05/100 g/24 hr; 
the water content was 65 ml. + 0-3/100 g faeces. From this it could be calcu- 
lated that the amount of water lost with faecal matter was 1-8 ml./100 g/24 hr, 
leaving 13-2 ml./100 g/24 hr for evaporation. These figures agree well with 
those found by Schmidt-Nielsen & Schmidt-Nielsen (1951). There can thus be 
no doubt that in adult rats, with free access to food and water, the volume of 
water excreted by the kidneys represents less than 20% of the total water 
intake and only 25% of the extrarenal water loss (Table 1). 


Tasxe I. Water balance of laboratory rat when fed on a standard diet yielding 400 cal/100 g 
when water is available and: when water has been withheld for 96 hr 


‘ After water has been 
Normal rats withheld for 4 days 
Food intake (g) 10-14 0-82 (34) 0-25 + 0-08 (30) 
From food: preformed (ml.) ~—=«i18 0-03 
metabolic (ml.) 5-3 0-13 
Drunk (ml.) 12-1 40-23 (34) 0 
Urine vol. (ml.) 3-5 + 0-37 (34) 0-5 +0-28 (30) 
Faeces (wet) (g) (34) + 0:05 (12) 
Insensible ‘water loss \By evaporation (ml.) 13-2 5-76 
* All results (means and 8.z.) are expressed per 100 g body wt./24 hr; in brackets, number or 


Day-to-day variations in the ionic urinary excretion were small. The Na excre- 
tion was 34-4 mg + 0-47/100 g/24 hr; that of K was 24-9 mg + 0-67/100 g/24 hr, 
with renal clearance values of 9-7+0-36 and 100-7 +4-2lmg/100g/24 hr 
for Na and K respectively. Ames & van Dyke (1950) found no antidiuretic 
activity in urine from five stock rats supplied with adequate food and water, 
though their method could detect an activity as low as 250uu. With the 
method used in this investigation, the lowest antidiuretic activity that could 
be assayed was 5yu./0-1 ml. urine (Dicker, 1953). As the total urinary volume 
obtained from a pair of rats was 15-20 ml./24 hr, values of antidiuretic activity 
below 750-1000. could not be estimated. However, the urine of two pairs of 
our rats out of the seventeen pairs investigated had some antidiuretic activity : 
900 and 1125yu./24 hr. In nearly all our rats, therefore, the antidiuretic 
activity in the urine, if present at all, was below 150-200yu./100 g/24 hr. — 

Estimations of the vasopressor and oxytocic activities of the excised 
pituitary glands gave the following values: (a) for the vasopressor activity: 
150 m-u. + 10/100 g (28), (b) for the oxytocic activity: 140 m-u. + 9-5/100 g (26). 
These values were obtained from gland extracts of rats killed by sudden decapi- 
tation, and agree with those found by Ames & van Dyke (1950) and by Dicker 
& Tyler (1953). They are, however, lower than those of some other authors 
(Simon, 1934; Heller, 1941), who did not mention whether the animals were 
killed by decapitation or under anaesthesia. To see whether the amounts of 
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hypophyseal activities would be influenced by the administration of anaes- 
thetics, a series of rats were killed while under the influence of ether, brometho! 
or urethane and their pituitary glands extracted and assayed. It was found 
that the vasopressor activity was greater in animals which had been anaes- 
thetized with ether or bromethol than in rats killed by decapitation, though 
the administration of urethane following that of bromethol appeared to have 
the opposite effect (Fig. 1). 


100+ 


m-u./100 g 


B 
Fig. 1. Effect of anaesthesia on the vasopressor and oxytocic activities of posterior pituitary 
glands of rats: rate killed, A, by sudden decapitation; B, after ether anaesthesia (duration 
20 min); C, after intraperitoneal injection of bromethol; D, after administration of bromethol 
followed by urethane—deep anaesthesia (duration 40-60 min). Black columns, vasopressor 
activity; white columns, oxytocic activity; results of estimations in m-u./100 g body weight ; 
vertical lines, 8.8.; no. of experiments in brackets. 


Effects of restricted water supply 

As the water balance, in rats on normal diet, seemed to vary within very 
narrow limits, it was of interest to see (a) how much the urinary volume would 
decline when water intake was restricted, and (b) whether a decrease of urinary 
volume produced by parenteral administration of vasopressin would influence 
the water intake. 

Six series of six rats, kept in pairs in metabolism cages for 5 days, were 
allowed free food; water, however, was restricted to 7-5, 5-0, 3-0, 2-5, 2-0 and 
1-0 ml./100 g/24 hr. Rats allowed amounts of water of 7-5 and 5-0 ml./100 g/ 
24 hr accommodated themselves easily to it. There was a drop in the urinary 
volume during the first 24 hr, after which the urinary secretion continued with- 
out further marked decline at 2-7 + 0-55 and 1-9 + 0-62 ml./100 g/24 hr respec- 
tively. In rats allowed 7-5 ml. water/100 g/24 hr the Na and K excretion did 
not differ appreciably from that of rats drinking freely. Moreover, the amount 
of food eaten was approximately the same as that of control rats. As there was 
no appreciable loss of body weight, it would seem that the fall of 25%, of urine 
volume was the main response to the reduction of 25% in the amount of water 
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drunk, In animals kept with 5-0 ml./100 g/24 hr, however, there was a loss of 
body weight particularly marked during the first 48 hr of observation. The 
food consumption fell from 10 g to about 6 g/100 g/24 hr. 

When water supply was further decreased to 3-0 or 2-5 ml./100 g/24 hr, the 
urine excretion fell sharply at first and continued to decrease during the whole 
period of observation (Fig. 2). Na and K excretion followed the same 
trend. The Na secretion decreased from a mean of 24-1 + 0-89 to 3-4 + 0-67 mg/ 
100 g/24 hr in 4 days; similarly, that of K fell from a mean of 18-4 + 0-82 to 
0-78 mg/100 g/24 hr, the bigger fall of Na suggesting some depletion of the 
extracellular fluid phase. The food intake was sharply cut down spontaneously, 
confirming Adolph’s (1947) observations. 


Urine 


Na 
(rmg/100 gl24 hr) (mi./100 g/24 hr) 


K 
g/24hr) 


No. of days 

Fig. 2. Urinary secretion in rats kept on a restricted supply of water and in rats deprived of water 
for 96 hr. A, rats kept with 7-5 ml. water/100 g/24 hr; B, rats with 2:5 ml. water/100 g/24 hr; 

C, rate deprived of water. The first observation in the three groups represents the mean of 
four preceding days, when the animals had a free supply of food and water. Upper curve, 
urine volume; middle curve, Na excretion; bottom curve, K excretion. Results are means 
and 8.£. 


To discover whether a reduction of urine excretion produced by administra- 
tion of vasopressin would help the rats when given a restricted supply of water, 
10 m-u. vasopressin-tannate in oil/100 g body weight were injected sub- 
cutaneously twice a day into a series of six rats. The animals were either allowed 
to drink a fixed amount of water, or it was given by mouth one hour after 
each injection of vasopressin-tannate. Daily amounts of water allowed were 
10-0, 5-0, or 3-0 ml./100 g/24 hr. . 

In rats given two oral doses of 5 ml. water/100 g, vasopressin-tannate had its 


5 
4 3 4 


240 S. E. DICKER AND JOAN NUNN 


usual antidiuretic effect. The decrease of urine volume was accompanied by a 
decreased excretion of both Na and K. There was no increase of body weight. 
This was probably due to a spontaneous reduction of food intake of the order 
of 20%. Cessation of the administration of vasopressin was always followed 
both by an increased urinary excretion and a decrease of body weight. In 
contrast with these results, vasopressin-tannate had no antidiuretic effect in 
rats which were allowed to drink according to their needs a fixed volume of 
10 ml. water/100 g/24 hr, i.e. when the rats drank the same volume spread 
over 24 hr. No explanation of this discrepancy can be offered, beyond the fact 
that as animals drink mostly at night, the antidiuretic effect of vasopressin- 
tannate may have been declining. 


In rats given 5-0 or 3-0 ml. water/100 g/24 hr, whether given by stomach — 


tube or not, vasopressin-tannate had no antidiuretic effect: rates of water, Na 
and K excretion were indistinguishable from those observed in non-injected 
rats allowed similar volumes of water. 


Effects of complete withdrawal of water 


Some of the observations now reported were made more than seven years ago’ 


on a series of rats kept with food but no water, for up to 7days. As the observa- 
tions then made agreed with those of the present series of rats, they have been 
treated together. It must be emphasized that in no case was it possible to 
observe rats which were deprived of water only: as soon as water was withheld, 
animals restricted their food intake voluntarily. In Schmidt-Nielsen & 
Schmidt-Nielsen’s (1951) experiments four rats were kept without water for 
9 days; the animals were fed on pearl barley, and the amounts ingested 
increased from 37-7 to 96-8 g. Such an increase never occurred in our experi- 
ments. After 48 hr without water, the food consumption had always declined 
to about one-quarter and after 4 days of water deprivation the food consump- 
tion was only one-fortieth of that of control rats. For the last 3-4 days, there- 
fore, our rats were not only dehydrated but also practically starved. As nor- 
mally 6-5 ml. water/100 g/24 hr was derived from food, self-imposed starvation 
resulted in an even more acute water shortage ; the metabolic + preformed water 
was only 0-16 ml. water/100 g/24 hr in animals observed for 4 days (Table 1). 

As soon as water was withheld, there was a sharp fall of body weight, and 
both water excreted by urine and water lost by evaporation and faeces 
decreased. Had the insensible water loss remained at 15 ml. water/100 g/24 hr, 
as in the control rats, it can be calculated that the loss of body weight would 
have been of the order of 60% in 5 days, whereas it was only 25%. Some idea 
of the degree of reduction of extrarenal water loss can be gauged from the 
following facts: the weight of faeces fell from 2-8 g+0-05 in control rats to 
0-15 g + 0-06 (8)/100 g/24 hr. The water content of the faeces decreased simi- 
larly from 65 ml. + 0-3/100 g to 25 ml. + 10-0/100 g. Thus the water lost through 
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the faeces had fallen from 1-8 ml. to 0-04 ml./100 g body weight/24 hr, a 
decrease of 98% in 4 days. The amount of water lost through evaporation, 
derived from changes of body weight and from the water lost through urine 
and faeces, followed the same trend. It will be seen from Fig. 3 that after 
thirsting for 24 hr, the water lost through evaporation had fallen from 13-2 to 
7-7 ml./100 g/24 hr; by the end of 4 days it was down to 5-8 ml./100 g/24 hr; 
i.e. the water lost through evaporation fell by 46% (Fig. 3). 

The urine excretion decreased from a mean of 3-5 ml. to 0-5 ml. + 0-25 (36)/ 
100 g/24 hr, in 3 days, after which it did not change much (Fig. 4 A). The initial 
decrease of urine flow was accompanied by a decrease of ion excretion (Fig. 2). 


ml./100 g/24 hr 


Contr r r r 

Fig. 3. Decrease of food intake and of insensible water loss related to urine excretion in rats de- 
prived of water. A: food and faeces; 1, amount of standard food eaten/100 g body wt./24 hr; 
2, total water content of food (moisture + metabolic water) in ml./100 g/24 hr; 3, weight of wet 
faeces/100 g body wt./24 hr; 4, water content of faeces in ml./100 g/24 hr. B: water loss, 
white column, urine; black column, water from faeces; hatched columns, loss of water by 
evaporation; all results in ml./100 g body wt./24 hr. 
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mi./100 g/24 hr 


+ 
\ 
m-u. vasopressin/mi. urine 


hr 


Fig. 4. Urinary secretion during a prolonged period of water deprivation. A: urine volume; results 
are means and range; in brackets, n~. of animals; note the increase of urine excretion after the 
fifth day. B: Mean excretion of antidiuretic activity in m-u. vasopressin per ml. urine 
excreted in forty-eight rats (see fig. 5). 
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However, from the third to the sixth day of water deprivation, the amounts of 
Na and K excreted continued to decrease regularly though the urine flow 
remained more or less unaffected. This may be due partly to the self-imposed 
restriction of food consumption. In this respect, it will be remembered that 
normal rats fed on diets free from Na and K excrete a urine devoid of these ions 
(Elkinton & Danowski, 1955). 

It is of interest to note that in about 25 % of the rats there was an increase of 
the urine flow towards the end of the water deprivation. This was specially 
evident in animals kept without water for more than 5 days (Fig. 4 A). When it 
occurred there was a fall in the osmolarity of the urine, as measured by depres- 
sion of freezing point. 

To see whether the decreased urine flow followed passively the restriction of 
water intake or whether it was promoted actively by an enhanced secretion of 
antidiuretic hormone, the urine of forty-eight rats deprived of water was col- 
lected and assayed for its antidiuretic activity. Gilman & Goodman (1937) 
had found an increase of antidiuretic activity in urine samples from rats kept 
without water, and claimed that the antidiuretic activity of the urine of rats 
thirsting 72 hr was equivalent to 100 m-u. vasopressin/ml. urine. Ames & van 
Dyke (1950), however, showed that the concentration of antidiuretic activity 
in thirsting rats did not exceed 6-0 m-u. vasopressin/ml. In the present series of 


experiments it was found that from the first to the fourth day there was a 


steady increase of the antidiuretic activity in the urine, the maximum con- 
centration of about 6-0 m-u./ml. being reached after 4 days (Fig. 4 B). This con- 
firmed Ames & van Dyke’s (1950) observations. The total amount of antidiuretic 
activity excreted by the urine of animals deprived of water for 5 days was of 
the order of 12 m-u./100 g body weight (Fig. 5). Assuming that (1) the anti- 
diuretic activity of the urine was of neurohypophyseal origin, and (2) that 
some 10% of the neural secretion was excreted in the urine (Ginsburg & Heller, 


1953; Dicker, 1954), this would represent a release of antidiuretic hormone from 


the posterior pituitary lobe of about 120 m-u./100 g. To test this assumption, 
rats were decapitated after 48, 96 and 120 hr of water deprivation and both 
the oxytocic and vasopressor activities of their neural lobes estimated. It was 
found, in agreement with Ames & van Dyke’s (1950) observations, that up to 
48 hr there was an increase of the mean vasopressor activity from 150 to 
215 m-u./100 g without a parallel increase of the oxytocic activity. From 48 hr 
onwards, however, there was a steady decrease of both the oxytocic and the 
vasopressor activities. At the end of the 5th day, the mean amount of 
vasopressor activity was 10 m-u. + 2-2 (12) and that of the oxytocic activity 
5 m-u. + 1-7 (12)/100 g body weight, showing that there had been a loss with- 
out simultaneous replacement of vasopressor activity of the same order as 
that forecast by the amount of antidiuretic activity found in the urine (Fig. 6). 
In spite of the belief that there is a relation between urine flow and the 
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presence or absence of antidiuretic activity in the urine, it was clear from these 
experiments that such a correlation did not exist in rats deprived of water. 
This absence of causal relation between vasopressin and urine flow, during 
water deprivation, was further suggested by the following experiments. Rats 
deprived of water were injected subcutaneously with vasopressin-tannate in 
oil, alone or enriched with oxytocin. To achieve some form of replacement 
therapy the daily amounts of vasopressin administered in two doses were equal 
to 10 times the amounts of urinary antidiuretic activity. When mixed with 


m-u. vasopressin/100 g/24 hr 


(12) 


48 
Time (hr) Time (hr) 
Fig. 5 Fig. 6 

Fig. 5. Urinary excretion of antidiuretic activity in rats deprived of water for 120 hr; results are 
means and range; in brackets, number of urine samples assayed. 

Fig. 6. Vasopressor and oxytocic activities found in pituitary glands of rats deprived of water for 
120 hr. In black, vasopressor-antidiuretic activity; in white, oxytocic activity; in brackets, 
number of glands extracted (values for 120 hr were obtained by extracting pooled glands); 
vertical lines beside columns are 8.&. 


oxytocin, the concentration of oxytocin was 20 times that of vasopressin 
(Abrahams & Pickford, 1954). Twelve rats were injected with vasopressin- 
tannate alone, and twelve with vasopressin-tannate and oxytocin. Their 
urine was measured daily for 5 days; at the end of the experiment, the animals 
were decapitated and the vasopressor and oxytocic activities of their neuro- 
hypophyses were estimated. No difference could be found between the non- 
injected and the injected rats, whether treated with vasopressin alone or with 
vasopressin and oxytocin: the volumes of urine secreted and its ionic composi- 
tion as well as the level of vasopressor and oxytocic activities of the posterior 
pituitary glands could not be differentiated from those observed in other 


scries of untreated thirsting rats. 
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DISCUSSION 


When fed on diets of the same composition, the water balance of rats is 
remarkably constant. Tennent (1945) has shown that in the rat the water lost 
by evaporation is lost through the skin and through the respiratory tract in 
approximately equal proportions. Heller & Smirk (1932) were the first to 
emphasize how surprisingly large is the insensible water loss in the rat. They 
assessed it at 5-67 ml./100 g body weight/3 hr. However, in a later publication 
(1947) Heller estimated the extra-renal water loss of adult rats, kept at 
20/21° C as 0-45 g/100 g/hr, and 2 years later the same author showed that 
in rats, kept without food or water for 24 hr at 20/21° C, the extrarenal water 
loss had decreased to 0-23 g/100 g/hr (Heller, 1949). Taking into account the 
alimentary water (metabolic and preformed), as well as the water drunk, the 
insensible water loss of the present series of rats has averaged 0-60 g/100 g/hr, 
a figure which agrees with that given by Schmidt-Nielsen & Schmidt-Nielsen 
(1950) for rats observed at about 20% relative humidity. It must be stressed 
that the relative humidity of the air was not estimated in the present experi- 
ments, nor in those of Heller (1947, 1949). 

The degree to which mammals can concentrate their urine is closely related 
to that of survival from water depletion. For example, Dipodomys merriami, 
the kangaroo rat, is said to be able to live without any access to water; it can 
excrete a more concentrated urine than any other mammal. The laboratory rat 
can concentrate its urine much further than man; thus it survives longer than 
man when deprived of water. In other words, it would appear that the ability 
to excrete a highly concentrated urine is an important factor in the process of 
water conservation. This, however, seems to be only one aspect of the problem. 
As soon as water has been withheld from rats their food consumption declines ; 
this itself involves a substantial further loss of water intake. Conversely, rats 
starved but with free access to water reduce their water intake (Dicker, 1949). 
Had the amount of food eaten by the dehydrated rats remained constant, as in 
Schmidt-Nielsen & Schmidt-Nielsen’s (1951) experiments, there would have 
been a constant water intake (preformed and metabolic) of some 16 ml., and 
hence no decrease of urine flow: the water required to excrete a urine with a 
maximum urea concentration of 14 g/100 ml. would have been of the order of 
5-0 ml. per 100 calories of food only, leaving twice that amount available for 
other metabolic functions. However, according to the present findings, and in 
agreement with Schmidt-Nielsen & Schmidt-Nielsen’s results, the volume of 
water lost through evaporation and defaecation in the rat is about four times 
as great as that secreted by the kidneys, whereas in the kangaroo rat the ratio: 
insensible water loss/urine excretion is only 15:1. This is clearly shown in 
Table 2, which has been computed from Schmidt-Nielsen & Schmidt-Nielsen’s 
(1951) results and from which it will be seen that even if the rat could con- 
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centrate its urine to the same extent as does the kangaroo rat, its only hope of 
survival would lie in its ability to cut down its insensible water expenditure. 
Schmidt-Nielsen & Schmidt-Nielsen (1951) have calculated that this would be 
achieved if the atmospheric humidity were raised to 20-22 mg. H,O/litre of air 
(i.e. close to 100% relative humidity at 25° C). 

In the present investigation the food intake of rats deprived of water was 
severely reduced. This may have been advantageous to their water economy. 
As a result of self-imposed starvation, the water content of faeces was reduced 
to such an extent that it produced an over-all saving of water of about 98%. 
Furthermore, there was a marked reduction of water lost through evaporation. 


TaBLe 2. Comparison of water metabolism of kangaroo rat and white rat when fed on 


iso-calorific dieta but no water 
Kangaroo rat White rat 
Water loss (ml.) (ml.) 
Urine 51 
Evaporation 19-2 
Facces 06 
Total 8-6 27-7 


The animals were fed on 25 g of pearl barley ( = 100 cal) without water to drink; the water yield 
of 100 cal of pearl barley is 13-4 ml. The data are computed from Schmidt-Nielsen & Schmidt- 
Nielsen (1951). 


Thus the over-all effect of the self-imposed starvation was to reduce the insen- 
sible water expenditure by some 40%, which is roughly equivalent to the 
amount of water the animal would have saved had it been eating in atmospheric 
humidity of 100%. It is of interest to note that this decrease of the insensible 
water loss is of the same order of magnitude as that achieved normally by 
desert rodents, such as Dipodomys merriami, the kangaroo rat, by D. spectabilis, 
the pocket mouse or by Perognathus spp. (Gjénnes & Schmidt-Nielsen, 1952). 
This reduction, however, was obtained only gradually and its effect was 
obviously cancelled out by the precarious state of health of our rats. 

The remarkable fact that the decline in urine flow is no greater after 5 days 
than after 3 days of water deprivation requires explanation. There is an 
increase of the antidiuretic activity of the urine of rats during water depriva- 
tion (Gilman & Goodman, 1937; Ames & van Dyke, 1950); there is more anti- 
diuretic activity in the urine of the kangaroo rat than in that of the laboratory 
rat even after a prolonged water deprivation (Ames & van Dyke, 1950); the 
posterior pituitary gland of the kangaroo rat contains more antidiuretic 
hormone than that of the ordinary rat (Ames & van Dyke, 1950). These 
observations have been explained by supposing that the low urine flow of 
dehydrated animals is due to the antidiuretic hormone. However, the camel 
can withstand a much more severe degree of dehydration than most mammals, 


but the total amount of antidiuretic hormone in the neurohypophysis is about 
16-2 
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the same as that found in oxen (Adamsons, Engel, van Dyke, Schmidt- 
Nielsen & Schmidt-Nielsen, 1956). 

The consequences of water deprivation, as described above, involve an initial 
rise and: subsequent decline in the antidiuretic activity of the neurohypophyseal 
gland, together with progressively increasing amounts of antidiuretic activity in 
the urine. This might suggest that almost all the neurohypophyseal antidiuretic 
activity had been expended in an attempt to decrease the loss of water by the 
urine. But this could only be so if vasopressin has, in fact, an antidiuretic 
action in hydropenic animals. It is well known, however, that vasopressin has 
no antidiuretic effect when the urine is concentrated ; moreover, it has recently 
been shown that a desert mammal, G. gertillus, which can concentrate its urine 
to the same extent as the kangaroo rat, is insensitive to the parenteral admini- 
stration of vasopressin, whether the animal has been hydrated or not (Burns, 
1956). This observation corresponds with that described above on normal and 
thirsting rats, in which the administration of vasopressin-tannate had no 
effect on their urinary excretion. This raises the question whether the actual 
mechanism of renal concentration of urine as observed in desert animals or in 
hydropenic rats is not entirely independent of the action of the antidiuretic 
hormone, which may be confined to producing antidiuresis only when the urine 
is dilute. Evidence in favour of this hypothesis will be given in a following 

If, however, there is no causal relationship between the enhanced excretion 
of antidiuretic activity and the increased urinary concentration observed in 
thirsting animals, why is it that the neural lobe should be emptied of its 
hormonal activity? It may be that the antidiuretic hormone has extrarenal 
effects. Friedman, Friedman & Nakashima (1956) have shown that vasopres- 
sin decreases the extracellular space and that this process is iso-osmotic. 
Another possibility is that the antidiuretic hormone exerts a pressor effect. 
Considering that the urine of rats deprived of water for 48 hr contains anti- 
diuretic activity of 3-4 m-u., corresponding to a secretion of 30-40 m-u. from 
the neural lobe, it is not impossible that the neurohypophyseal secretion has 
had a pressor effect and has contributed thereby indirectly to a reduction in the 
rate of evaporation. 

As for the low urinary secretion observed during hydropenia, it is likely 
that it is regulated solely by the excretion of solutes in a manner similar to 
that observed during an osmotic diuresis. The action of the osmotically active 
load which is increased by the process of catabolism accompanying starvation 
is very likely restricted by a decrease of the glomerular filtration rate. A true 
osmotic diuresis may however occur during the final stages of severe and 
prolonged hydropenia, and account for the terminal increase in urine flow 
shown in some animals (Fig. 5). 
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SUMMARY 


1. In normal rats the water lost by evaporation and in the faeces is five 
times as great as that excreted in the urine. 


2. When deprived of water, rats reduce their intake of food and thus their 


absorption both of ‘preformed’ and metabolic water. The water lost in the 
faeces as well as by evaporation also declines. 

3. The urine flow of rats deprived of water falls sharply during the first 
24 hr, but remains more or less stable from the 3rd day onwards. The maxi- 
mum concentration of the urine is reached after 48 hr. The excretion of ions 
decreased progressively during the whole period of observation. 

4. Parenteral administration of vasopressin-tannate in oil has no effect on 


the urinary excretion either of normal rats with free access to food and water or 
of rats kept without water. 


5. A steady increase of antidiuretic activity in the urine follows water 
deprivation, and its maximum concentration is reached in 4 days. 

6. In rats deprived of water the vasopressor activity of posterior pituitary 
glands first increases and subsequently declines. 

7. Arguments are presented to show that the decrease of urine secretion 
during water deprivation is not controlled by the neurohypophyseal hormone. 


REFERENCES 


Apranams, V. C. & Prcxrorp, M. (1954). Simultaneous observations on the rate of urine flow and 
—— uterine movements in the dog, and their relationships to posterior lobe activity. 
Physiol. 126, 329-346. 


Apamsons, K., 8. L., van Dyxz, H. B., Scummpt-Nrevsen, B. & K. 
(1956). The gene eg of oxytocin and —— (antidiuretic hormone) in the neurohypo- 
physis of the camel. Endocrinology, 58, 272-27 


Apoupn, E. F. (1947). Tas to eat and drink in “ot Amer. J. Physiol. 151, 110-125, 


Ames, R. G. & van Dyxe, H. B. (1950). Antidiuretic hormone in the urine and pituitary of the 
Kangaroo rat. Proc. Soc. exp. Biol., N.Y., 75, 417-420. 


Bentiey;?P. & Dicxsr, 8. E. (1955). Effects of transient s of acidity on the isolated rat's 
uterus, with reference to the assay of oxytocic activity. . J. Pharmacol. 10, 424-428. 

Burns, T. W. (1956). Endocrine factors in the water metabolism of the desert mammal, G. 
Gerbillus. Endocrinology, 58, 273-284. 

Dexansky, J. (1952). The quantitative assay of vasopressin. Brit. J. Pharmacol. 7, 567-572. 


Dicker, 8. E, (1949). Changes in the extracellular and intracellular fluid phases of muscle during 
starvation and dehydration in adult rats. Biochem. J. 44, 274-281. 


Dicxgr, 8. E, (1953). A method for the assay of TT small amounts of antidiuretic activity with a 
note on the antidiuretic titre of rat’s blood Physiol. 122, 149-157. 


Dicksgr, 8. E. (1954). The fate of the antidiuretic activity of pitressin in rats. J. Physiol. 124, 
464-475. 


Dicks, 8, E. & Gneenwnavm, A. L. (1956). Inactivation of the antidiuretic activity of vasopressin 
by tissue homogenates. J. Physiol. 132, 199-212. 

Dicksr, 8. E. & Tyimr, C. (1953). Vasopressor and oxytocic activities of the pituitary glands of 
rate, guinea-pigs and cats and of human foetuses. J. Physiol. 121, 205-214. 

Evcinton, J. R. & Dawowsxt, T. 8. (1955). The Body Fluids, lst ed. pp. 145-149. London: 
Bailli¢re, Tindall and Cox. 

Frrepman, 8. M., Farepman, C. L. & Naxasumma, M. (1956). An extrarenal effect of Pitressin. 
Nature, Lond., 177, 1079. 


~ 
t 
g 
hd. 
4 
a 
a 
P 
q 


248 S. E. DICKER AND JOAN NUNN 


water conservation. Physiol, 90, 113-1 
Guana eek ae (1953). The clearance of injected vasopressin from the circulation and 
its fate in the body. J. Endocrin. 9, 283-291. 
Gsénwes, B. & Scumipt-Nirzersen, K. (1952). Respiratory characteristics of kangaroo rat blood. 
J. cell, comp. Physiol. 39, 147-152. 
Heuer, H. (1941). Distribution of pituitary antidiuretic hormone throughout the vertebrate 
series. J, Physiol. 99, 246-256. 
-BLLER, H. (1947). The response of new-born rats to administration of water by the stomach. 
J. Physiol. 106, 245-255. 
-letiEr, H. (1949). Effects of dehydration on adult and new-born rats. J. Physiol. 108, 303-314. 
Hetizr, H. & Sum, F. H. (1932). Studies concerning the alimentary absorption of water and 
tissue hydration in relation to diuresis. J. Physiol. 76, 1-38. 
Howto, P. (1948). A modification of the method of Dale and Laidlaw for standardization of 
posterior pituitary extract. Brit. J. Pharmacol. 3, 328-334. 
Scumipt-Nrexsen, B. a (1950). Pulmonary water loss in desert rodents. 
, Amer. J. Physiol. 162, 31-36 
& K. (1951). A com account of the water meta- 
bolism in kangaroo rate and an experimental verification. J. cell. comp. Physiol. 38, 165-181. 
n> . (1934). Pressor and oxytocic content of hypophysis of rats under various conditions. 


Amer. J. P. - 107, 220-226. 
aie D. M. (1945). A study of the water losses through the skin in the rat. Amer. J. Physiol. 
1 , 436-440. 


Rec 
refi 
affe 
phe 
clu 
oth 
, the 
the 
age 
: am 

an 
The 
Tra 
acti 
and 
inte 
of a 
T 
bet 
of ¥ 
T 
han 
and 
mol 


J. Physiol. (1957) 136, 249-262 


INHIBITION OF THE PERISTALTIC REFLEX OF THE 
ISOLATED GUINEA-PIG ILEUM 


By H. W. KOSTERLITZ anp JUDITH A. ROBINSON 
From the Department of Physiology, University of Aberdeen 


(Received 26 October 1956) 


Recently it was shown that the first or preparatory phase of the peristaltic 
reflex was selectively inhibited by large doses of acetylcholine which did not 
affect the contraction of the circular muscle during the second or emptying 
phase (Kosterlitz, Pirie & Robinson, 1956). This observation led to the con- 
clusion that the contraction of the longitudinal muscle did not trigger off the 
second phase of the reflex. It seemed to be of interest to examine the effects of 
other inhibitory agents, since differences in their action on the two phases of 
the reflex might throw light on the nervous mechanisms involved. A number of 
the substances used are known inhibitors of the reflex, e.g. ganglion-blocking 
agents, cocaine, adrenaline, morphine and atropine; others, 5-hydroxytrypt- 
amine, histamine and carbachol, have not been examined before. Finally, 
an analysis was made of the inhibitory action of lowered bath temperatures. 


METHODS 


The experimental technique is the same as that used in the previous paper (Kosterlitz ef a/. 1956). 
Tracings were recorded of the tension in the longitudinal muscle layer, of the intra-intestinal 
pressure and of the pressure in the air space into which the intestinal contents were expelled. The 
activity of the circular muscle layer was gauged from the pressure changes in the intestinal lumen 
and the air space. Since the pressure changes in the air space were small compared with the intra- 
intestinal pressure changes, the latter were a measure of the velocity of the fluid movement out 
of and into the intestinal lumen. 

The temperature of the bath was 35° C unless stated otherwise. There were intervals of 3 min 
between the individual experimental procedures, such as the eliciting of the reflex or the addition 
of various drugs to the bath fluid, which measured 40 ml. and was renewed at least every 6 min. 

The doses of the drugs are given in weight of base for acetylcholine chloride, carbachol (car- 
haminoylcholine chloride), histamine phosphate, 5-hydroxytryptamine (5-HT) creatinine sulphate 
ond adrenaline chloride, and in weight of salt for hexamethonium iodide, cocaine hydrochloride, 
morphine hydrochloride and atropine sulphate. 
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RESULTS 
Inhibitors acting mainly on the first or preparatory phase of the 
peristaltic reflex 

Carbachol. It was shown (Kosterlitz et al. 1956) that, in the presence of high 
concentrations of acetylcholine (5-10 mg/l.), raising the intra-intestinal pressure 
caused normal reflex contractions of the circular muscle while the contractions 
of the longitudinal muscle of the preparatory phase were almost completely 
suppressed. This effect was considered to be of an unspecific nature, similar to 
thut observed by Cantoni & Eastman (1946). 

An inhibition of the circular muscle was obtained with difficulty and then 
only for a short time, even with considerably larger concentrations of acetyl- 
choline. This apparent difference between the two muscle layers may possibly 
be due to the presence of cholinesterase in the longitudinal layer and the 
plexus of Auerbach, preventing acetylcholine from penetrating to the circular 
layer in sufficiently high concentration. If this interpretation is correct, 
carbachol, which is resistant to the action of cholinesterase, should depress 
both muscle layers to about the same degree. 

Addition of carbachol to the bath fluid (0-25 mg/l.) increased the longitudinal 
tension from the initial value of 1 g, produced by slight stretching, to 6-6 g; 
although the carbachol was not washed out, the muscle relaxed slowly so that 
the tension returned to the pre-set value of 1 g in about 6 min. At this stage 
filling of the lumen evoked no activity in either of the two muscle layers 
(Fig..1B). Three minutes later, with the carbachol still in the bath fiuid, 
peristaltic contractions of the circular muscle reappeared and after a further 
3 min the contractions of the circular muscle had returned to normal (Fig. 1 C). 
The longitudinal coat did not contract at all; on the contrary, during the 
increase in intra-intestinal pressure there was a reduction in the pre-set tension. 
Six minutes after washing out the carbachol the longitudinal muscle showed 
signs of recovery which soon became complete (Fig. 1 D). It is noteworthy that 
even then the response of the longitudinal muscle to a test dose of carbachol 
(12-5 ug/l.) was still depressed. 

Histamine. If the inhibitory effects of large doses of acetylcholine and 
carbachol are of an unspecific nature, similar results should be obtained with 
histamine. To test this, the experimental procedure had to be modified slightly. 
In the experiments with the choline esters the response of the ileum to a rise 
in intra-intestinal pressure was examined with the drugs still in the bath fluid 
and also after washing them out. This was possible because the maximal con- 
traction caused by the large dose of the choline ester was soon followed by 
a complete relaxation of the longitudinal muscle. In the presence of large 
doses of histamine the longitudinal muscle did not relax sufficiently and there- 
fore the drug had to be washed out before eliciting the reflex. 
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Fig. 1. The effect of a large dose of carbachol on the peristaltic reflex. In all figures, from above 
downwards: longitudinal tension (7), intra-intestinal pressure (interrupted trace) (P), 
and pressure in air space of 1900 ml. (V); increase in tension downward, increase in pressure 
upward, Initial longitudinal tension 1 g. Between arrows the intra-intestinal pressure was 
raised by the indicated values. Calibration: 2-5 g tension, 7-6 cm H,O intra-intestinal pressure 
and 2-6 em H,O pressure in air space (=4-9 ml. volume change). A, normal response although 
5 wg carbachol added 3 min previously and washed out 30 sec later had reduced the response 
to 0-5g carbachol from 4-6 to 0-4 g, immediately after A, 10 ug carbachol, left in bath; 
B, 6 min after A, initial longitudinal tension returned to 1 g; C, 6 min after B, carbachol 
washed out after C; D, 15 min after C, bath fluid renewed 4 times; response to 0-5 ug carbachol, 
0-3 g; 10 min later, 1-9 g. ve . 


252 H. W. KOSTERLITZ AND JUDITH A. ROBINSON 


Nine minutes after washing out the large dose of histamine (12-5 mg/l.) the 
tension of the longitudinal muscle had returned to normal. The muscle was 
now quite insensitive to test doses of carbachol or histamine (12-5 yg/l.). When 
the intra-intestinal pressure was raised, peristaltic reflexes were elicited 
(Fig. 2B). The contractions of the circular muscle were less frequent than in 


V 
+18emH,O. 


Fig. 2. The effect of a large dose of histamine on the peristaltic reflex. Calibration: 3-4 g tension, 
7-6 cm H,0O intra-intestinal pressure and 2-8 cm H,O pressure in air space (=5-3 ml. volume 
change). A, control response, 3 min after A 100 yg histamine, washed out 25 dec later, after 
3 min 2 doses of 200 ng histamine with an interval of 10 sec, washed out after 30 sec; B, 9 min 
after washing out histamine; C, 3 min after B; D, 24 min after C, 0-5 ug histamine or 0-5 yg 
carbachol increased longitudinal tension by 2-2 g or 2-6 g before A, 0g before B and im- 
mediately after C, 1-5 g 3 min after or 2:3 g 6 min before D. 


the control tracing (Fig. 2.4) and the individual emptying phases lasted some- 
what longer. This was possibly due to increased filling of the lumen during the 
intervals between the peristaltic cycles. 


However, the main changes were found in the longitudinal muscle. In the 
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peristaltic reflex the contraction of the longitudinal muscle coat is not homo- 
geneous; the first part of this contraction, or primary contraction, belongs to 
the preparatory phase while the second part, or secondary contraction, is part 
of the emptying phase (Kosterlitz e al. 1956). The primary contraction, 
starting at an early stage of the filling phase, was more readily inhibited than 
the secondary contraction, which is synchronous with the contraction of the 
circular coat (Fig. 2B). At a slightly later stage (Fig. 2C) the primary con- 
traction was absent altogether while there was still a small secondary con- 
traction. In the course of the next half hour there was a gradual recovery of 
the primary contraction (Fig. 2D). At this stage the response to the test dose 
of carbachol had also recovered while that to histamine was still very much 
depressed, This difference in the sensitivity of the primary and secondary 
contractions of the longitudinal muscle was seen not only after large doses of 
histamine but also after acetylcholine (fig. 8 of Kosterlitz et al. 1956). 


Inhibitors acting mainly on the second or emptying 
phase of the peristaltic reflex 

Ganglion-blocking agents. Feldberg & Lin (1949) and Paton & Zaimis (1949) 
were the first to show that tubocurarine, nicotine and certain methonium 
compounds inhibited the emptying phase of the peristaltic reflex without 
affecting the preparatory phase. This is confirmed for hexamethonium in the 
experiment shown in Fig. 3. Low concentrations (1-3 mg/l.) caused a transient 
inhibition of the emptying phase while the tension developed in the longitu- 
dinal layer was reduced to a small extent only (5-8 g in A, 4:7 g in B and 
5-6 g in C). These doses of hexamethonium were insufficient to prevent the 
contraction of the circular muscle throughout the period of raised intra- 
intestinal pressure (Fig. 3.B, C); nevertheless, there were significant alterations 
in the shape of the intra-intestinal pressure curves of the peristaltic cycles 
which had not been suppressed. Particularly with the higher of the two con- 
centrations of hexamethonium (Fig. 3C), the rising limb of the intra-intestinal 
pressure curve was less steep and the peak reached was lower than in the 
control tracings (A and D). This means that there was interference with the 
build-up of the contraction of the circular muscle coat. This was asso- 
ciated with incomplete expulsion of the intestinal contents; 0-9 ml. fluid 
was ejected in the presence of hexamethonium (C) as against 1-4 ml. in the 
control (A). 

Feldberg & Lin (1949) found that large doses of nicotine temporarily 
depressed the longitudinal contraction of the preparatory phase; when this 
occurred the response of the longitudinal muscle to a test dose of acetylcholine 
was also reduced, This finding has been confirmed. It is likely that this 
transient inhibition of the preparatory phase was a Cantoni & Eastman (1946) 
effect, particularly since the response to histamine was also depressed. 
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5-Hydrozytryptamine. It was shown (Kosterlitz & Robinson, 1955) that 


saturation of the tryptamine receptors with 5-HT does not inhibit the longi- 
_ tudinal contraction of the preparatory phase. As far as the emptying phase 
was concerned, the results were not quite constant. However, in most cases 
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Fig. 3. Effect of hexamethonium on the peristaltic reflex. Calibration: 3-5 g longitudinal tension, 
5-7 cm H,O intra-intestinal pressure, 1-9 cm H,O pressure in air space (=3-6 ml. volume 
change). A, control response; B, 3 min after 50 ug hexamethonium, washed out 6 min later; 
C, 24 min after B and 9 min after 100ug hexamethonium, washed out after C; D, 12 min 
after CO. 


a transient inhibition was obtained. For instance, immediately after adding 
5-HT to the bath (1-25 mg/l.) there was an inhibition of both layers (Fig. 4 B). 
A little later, still in the presence of 5-HT, the response of the longitudinal 
muscle layer to the filling stimulus had recovered but the circular muscle was 
still completely inhibited (Fig. 4C). At this stage the response of the longi- 
tudinal muscle to a test dose of acetylcholine (7-5 g/l.) was normal while the 
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+ +20cmH,O + 27cm H,O 


| Fig. 4 

Fig. 4. Effect of a large dose of 5-hydroxytryptamine on the peristaltic reflex. Calibration: 4-0 g 
tension, 5-7 om H,O intra-intestinal pressure, 2-2 cm H,O pressure in air space (=4-3 ml. 
volume change). A, control response; B, 95 sec after 50 ng 5-HT, leaving a residual tension 
of 0-6 g above the initial tension; C, 3 min later, 5-HT still in bath; D, 12 min after C and 
9min after washing out 5-HT; Z, 24 min later. 0-3 ug acetylcholine or 0-3 yg histamine raised 
longitudinal tension by 4 g at A, 4-4 or 2-4 g at C, 3-4.g or 3 g at H; lug 5-HT by 3-6 g at A, 
0 g at B and D, 2-4g at £. 

Fig. 5. Effect of cocaine on the peristaltic reflex. Calibration: 3-2 g tension, 5-7 cm H,O intra- 
intestinal pressure, 1-7 cm H,O pressure in air space (=3-3 ml. volume change). A, control 
response; B, 3 min after 150g cocaine; C, 6 min after B, cocaine washed out after C; 
D, 12 min after C and 3 min after 300 ug cocaine; H, 21 min after D and 15 min after washing 
out cocaine. 
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tension obtained after histamine (7-5yg/l.) was reduced by about one-third. 
Three minutes after washing out the 5-HT, raising the intra-intestinal pressure 
led to a small number of peristaltic cycles (Fig. 4D); at this stage a test dose 
of 5-HT still had no effect on the longitudinal muscle. The recovery of the 
longitudinal muscle was almost complete 24 min later (Fig. 4 £). 

Cocaine. Feldberg & Lin (1949) found that the inhibitory action of cocaine 
was present only when the preparation had been isolated in the bath for 
several hours. The tracings shown in Fig. 5 were obtained 90 min after setting 
up the preparation. This experiment shows that with concentrations up to 
7-5 mg/l. the ejection phase was inhibited while the preparatory phase remained 
unaffected. In other experiments it was found that the contraction of the 
longitudinal muscle was not reduced until the cocaine concentration was raised 
to 20-25 mg/l., when the response of the muscle to acetylcholine started to 
be depressed. 


Inhibitors affecting both phases of the peristaltic reflex ’ 

Lowering the bath temperature. Gradual lowering of the bath temperature 
affected first the emptying and then the preparatory phase. With moderate 
cooling (25° C) the rate of contraction of the circular muscle layer slowed down 
considerably, diminishing the ejection velocity and prolonging the emptying 
phase (Fig. 6B). At the end of the emptying phase the circular muscle 
remained contracted longer than normal. The filling phase was also lengthened 
but not to the same extent as the emptying phase. There was also a slowing 
of the contraction and relaxation of the longitudinal muscle. At 21° C (Fig. 6C) 
co-ordinated contraction of the circular muscle layer had ceased. The tension 
developed in the longitudinal muscle was less than at 25 and 35° C; the rates 
of contraction and relaxation were even slower than at 25°C. At 16°C 
(Fig. 6D) the contraction of the longitudinal muscle was reduced to less than 
half the contro] value. The effects of cooling were readily reversible (Fig. 6 £). 
At 20° C the responses of the longitudinal muscle to acetylcholine, carbachol 
or histamine were normal or potentiated (Kosférlitz & Robinson, 1956). 

Adrenaline. An inhibitory effect of adrenaline and noradrenaline on the 
peristaltic reflex of the isolated guinea-pig ileum was first demonstrated by 
Pirie (1951) and by McDougal & West (1952). There was a considerable 
difference between the inhibitory actions of adrenaline on the contraction of 
the longitudinal muscle during the preparatory phase and on the contraction 
of the circular muscle during the emptying phase. Small concentrations of 
adrenaline (12-5yg/l.) inhibited the emptying phase without reducing the 
tension developed in the longitudinal muscle (Fig. 7B); with larger doses 
(50 ug/l.) the longitudinal tension reached normal values at the beginning of 
the pressure stimulus but was not maintained (Fig. 7C); with still larger doses 
(150 ug/l.) the contraction of the longitudinal muscle was markedly inhibited 
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(Fig. 7D). The contractions of the longitudinal muscle caused by a test dose 
of acetylcholine were not affected by any of the doses of adrenaline given, 
while the contractions due to histamine were reduced by the larger doses of 
adrenaline, In some preparations, although the distal 10 cm of the ileum had 


IT 4 +31emH,O 


A 

355°C 
B 

25°C 


Fig. 6. Effect of lowering the bath temperature on the peristaltic reflex. Calibration: 2-6 g 
tension, 6-2 cm H,O intra-intestinal pressure, 2-5 cm H,O pressure in air space (=4-8 ml. 
volume change). A, control response at 35-5° C; B, after 4 min at 25° C; C, after 7 min at 
21° C; D, after 7 min at 16° C; Z, 10 min after D, 6 min at 35-5° C. 


been discarded, adrenaline caused a transient increase in tension of the longi- 
tudinal muscle; nevertheless, the effect of adrenaline on the peristaltic reflex 
was always inhibitory. 

Atropine. That atropine inhibited the peristaltic reflex was first shown by 
Trendelenburg (1917). He used rather high concentrations (2-10 mg/l.) which 
affected both phases of the reflex. A closer analysis showed that, although both 
phases were readily inhibited by small doses of atropine, the emptying phase 
was rather more sensitive to the action of atropine. With low concentrations 
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Fig. 7. Effect of adrenaline on peristaltic reflex. Calibration: 3-3 g tension, 5-8 cm H,0 intra- 


intestinal pressure, 2-8 cm H,O pressure in air space (=5-3 ml. volume change). A, control 
response; B, 30 sec after 0-5yug adrenaline (always added with equal amount of ascorbic 
acid); C, 30 sec after 2 ug adrenaline; D, 30 sec after 6g adrenaline; Z, 18 min after D and 
9 min after 20 ng adrenaline had been washed out. 0-5 ug acetylcholine and 0-5 yg histamine 
raised longitudinal tension by 3-2 and 3-0 g at A, 2-5 and 3-0 g at B, 3-1 and 2-5 g at C, 3-0 
and 2-3 g at D, 3-1 and 3-0 g at Z. 


ig. 8, Effect of atropine on the peristaltic reflex. Calibratibn: 3-4 g tension, 6-5 om H,0 intra- 
intestinal pressure, 3-0 cm H,O pressure in air space (=5-7 ml. volume change). A, control 
response; B, 30 min after 0-2 ug atropine; C, 12 min after B; D, 27 min after C and 6 min 
after washing out atropine; 2, 12 min after D; F, 12 min after 2. 0-5yg carbachol and 
0-25 ug histamine raised longitudinal tension by 4-9 and 3-3 g at A, sma can neni 1-3 and 
3-1 g at C and D, 2-5 and 2-9 g at HZ, 3-8 and 4-1 g at F. 
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(5 ug/l.) there was marked delay in the onset of inhibition. Definite changes 


were not seen until 20 min after the addition of atropine, when there was 
a reduction in the frequency of the peristaltic cycles and a slight decrease 
in the ejection velocity of the intestinal contents. A little later this had become 
more marked, In the first two cycles shown in Fig. 8B the ejection velocity 
was considerably reduced and there was incomplete expulsion of the contents. 
At the same time there was a decrease in the tension developed in the longi- 
tudinal layer. About 40 min after the addition of atropine (Fig. 8C) the 
inhibition of both phases of the peristaltic reflex was much more pronounced. 
Atropine was washed out about 1 hr after its addition to the bath; 6 min later 
(Fig. 8D) the emptying phase was completely inhibited while the longitudinal 
tension developed was only about one-quarter of that found in a control 
peristaltic reflex. Then recovery started to set in slowly. In Fig. 8 E there was 
still no emptying phase, but the longitudinal tension now rose to a little more 
than one half the control value. Thirty minutes after washing out the atropine, 
peristaltic cycles were present during the first half of the pressure stimulus 
(Fig. 8¥). Completely normal reflexes were not obtained until 90 min later. 
It is noteworthy that the response to a test dose of carbachol (12-5 g/l.) was 
never smaller than one-quarter of the control. Recovery of the response was 
almost complete when the first approximately normal peristaltic cycles reap- 
peared (Fig. 8F). While in this experiment the emptying phase was more 
sensitive to the action of atropine than the preparatory phase, in other 
expeliments both phases seemed to be affected more or less simultaneously. 

Morphine. As in the case of atropine, Trendelenburg (1917) had already 
shown that both phases of the peristaltic reflex were inhibited by morphine. 
Kosterlitz & Robinson (1955) and Schaumann (1955) confirmed and extended 
these findings. It would appear that both phases were equally susceptible to 
the action of morphine. Fig. 9 shows the results of an experiment in which the 
effect of a small dose of morphine (25 g/l.) developed slowly. Thirty seconds 
after the addition of the drug (Fig. 9B), raising the intra-intestinal pressure 
evoked two normal peristaltic cycles followed by cycles showing a gradually 
increasing inhibition of the activity of both muscle coats. Three minutes later 
(Fig. 9C) there were a few more or less abortive cycles which caused only 
small movements of the intestinal contents; obviously, both muscular coats 
were affected. After a further 3 min (Fig. 9D) there was almost complete 
inhibition of both coats. Recovery took place within 3 min of washing out the 
morphine (Fig. 9). It should be stressed that morphine in the dosage used 
has no effect on the action of acetylcholine or histamine on the longitudinal 
muscle, 
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Fig. 9. Effect of morphine on the peristaltic reflex. Calibration: 3-3 g tension, 4-7 cm H,0 intra- tem) 
intestinal pressure, 1-8 om H,O pressure in air space (= 3-4 ml. volume change). A, control serv 


response; B, 30 sec after lug morphine; C, 3 min after B; D, 3 min after C, morphine path 
washed out. Z, 3 min after D. 


DISCUSSION 
The inhibitors of the peristaltic reflex can readily be divided into three groups. acet 
In the first group, affecting the preparatory phase only, large doses of choline phas 
esters or histamine cause a powerful contraction of the longitudinal muscle acet: 
layer which then remains insensitive for a considerable length of time to | 
standard doses of these drugs and to the stimulus of filling the lumen. The 1. 
circular muscle layer is not affected, or only for a very short time; the cause isola 
of this apparent selectivity is not quite certain. Much lower concentrations the « 
of carbachol than of acetylcholine are required to produce the inhibitory 9 
effect. However, destruction of acetylcholine by choline esterase or of hista- inhil 
mine by histaminase during the diffusion of the drugs from the longitudinal! phas 
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to the circular layer cannot be the whole reason, since carbachol has only a 
very transient action on the circular layer even when this drug remains in the 
organ bath. The action of these inhibitors is clearly unspecific; during the 
period of inhibition of the preparatory phase of the reflex the longitudinal 
muscle is quite insensitive to test doses of acetylcholine, histamine or 5-HT 
(cf. Cantoni & Eastman, 1946). 

The inhibitors of the second group affect the emptying phase only. The fact 
that the ganglion-blocking agents belong to this group would indicate that 
cholinoceptive synapses are involved in the second but not in the first phase. 
Saturation of the tryptamine receptors has in many preparations an effect 
similar to that of the ganglion-blocking agents. That 5-HT receptors may be 
present in the ganglion cells of the guinea-pig ileum has already been sug- 
gested by Gaddum & Hameed (1954). Cocaine suppresses the emptying phase 
in doses which have no effect on the preparatory phase. With larger doses the 
preparatory phase is inhibited but the sensitivity of the longitudinal muscle 
to acetylcholine is also reduced. Although nervous elements have been postu- 
lated to be involved in the preparatory phase (Kosterlitz, Pirie & Robinson, 
1955; Schaumann, 1955; Kosterlitz & Robinson, 1955, 1956) they do not show 
a greater sensitivity to the inhibitory action of cocaine than the longitudinal 
muscle fibres. 

The inhibitors of the third group affect both phases, some acting more 
readily on the emptying than on the preparatory phase while others have no 
such differential effect. Lowering the temperature of the organ bath and 
adrenaline belong to the first subgroup while morphine and probably also 
atropine make up the second. Thus, the cholinoceptive synapses subserving 
the emptying phase seem to be more susceptible to a reduction in bath 
temperature or to the action of adrenaline than the nervous elements sub- 
serving the preparatory phase. On the other hand, there are in the nervous 
pathways of both phases elements very sensitive to the inhibitory action of 
morphine and atropine. Perhaps it is premature at this stage of analysis to 
speculate on the mechanism of the action of morphine, although it has been 
suggested by Schaumann (1955) that it may interfere with the release of 
acetylcholine, The inhibitory action of atropine seems to indicate that in both 
phases the transmission across the neuromuscular junction is mediated by 
acetylcholine. 

SUMMARY 

1. There are three groups of inhibitors acting on the peristaltic reflex in the 
isolated guinea-pig ileum, causing an inhibition of the of 
- phase, or of both phases. 

2. Large doses of acetylcholine, carbachol or - histamine biting about an 
inhibition of the contraction of the longitudinal muscle during the preparatory 


phase but scarcely affect the contraction of the circular muscle during the 
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emptying phase. This is an unspecific effect on the muscle fibres of the 
longitudinal layer. 

3. Ganglion-blocking agents, cocaine in doses not affecting the acetylcholine 
response of the longitudinal muscle, and saturation of the tryptamine receptors 
inhibit the circular contraction of the emptying phase but do not depress the 
longitudinal contraction of the preparatory phase. 

4. Gradual lowering of the temperature of the organ bath inhibits first the 
emptying phase and then the preparatory phase. Adrenaline, in low concen- 
trations, inhibits the circular muscle coat and, in slightly higher concentration, 
also the longitudinal coat. Morphine always affects both phases to about the 
same degree while in the case of atropine it is difficult to decide whether the 
emptying phase is more affected than the preparatory phase. 

5. Although the details of the reflex arcs are still uncertain, the nervous 
pathway subserving the emptying phase contains cholinoceptive synapses 
while that of the preparatory phase does not. The transmission across the 
neuromuscular junction appears to be cholinergic in both phases. 


Grateful acknowledgement is made of a grant by the Medical Research Council (to H. W. K.) 
which partly defrayed the expenses of this work. Valuable technical assistance was rendered by 
Mr W. J. Davidson and Mr J. McConnachie. 
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THE STRUCTURE AND TRANSPARENCY OF THE CORNEA 
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The cornea, belonging to the dioptric system of the eye and being part of its 
structural coat, must be both transparent and tough. Like other tissues of 
great tensile strength, the skin and sinews, it has a fibrous structure built up 
of collagen. The collagen fibres of the cornea are disposed in a layer, the 
substantia propria or stroma, which constitutes the greater part of its thick- 
ness. Unlike these other collagenous tissues the stroma is normally optically 
clear, but it tends to swell when in contact with fluid and becomes cloudy on 
swelling. This tendency is opposed by two cellular layers which cover the 
corneal surfaces, for if either of these layers is destroyed or severely damaged 
the stroma lying under the affected area will swell. Mechanical distortion of 
the cornea or compression of the eye-ball can also cloud the stroma; it clears 
instantly when the strain is removed. 

The explanation of the transparency of the stroma can have a satisfactory 
foundation only on a knowledge of its optical structure, that is, the geometric 
form, dimensions and refractive indices of its components. The first part of 
this paper is concerned with establishing this structure. In the second part 
the transmission of light across it, and the physical basis of its transparency 
are considered, and in the third the disturbance to the transparency caused 
by swelling and mechanical strain. 

The treatment of the problem of transparency and its solution, as given 
in this paper, have been the subject of a brief preliminary report (Maurice, 
1954). 

STRUCTURE 
Descriptions of the chemistry of the cornea and its appearance under the 
microscope and electron-microscope are available in the literature. These 
indicate the chemical nature, size, shape and organization of the components 
of the stroma. A knowledge of their refractive index is then all that is required 
to determine the optical structure. Measurements on the tissue as a whole 
are of limited value, and isolation of the components probably leads to changes 
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in their hydration and consequently in their refractive index. The value of the 
birefringence or double refraction is of greater assistance, since it is determined 
largely by the difference in refractive index of the components in the intact 
tissue. Information available in the literature concerning these optical 
properties is supplemented with the writer’s experimental work. 

The diffusion of substances within the stroma gives an impression of the 
size of its submicroscopic interstices and of the nature of the substance filling 
_ them. This is a valuable auxiliary study because the experimental techniques 
cause little interference with the fresh tissue. The necessary data are provided 
almost entirely by original experimental work. 


| Chemistry 

The dry weight of the stroma is about one-quarter of its fresh weight. For 
the cornea as a whole, the more careful analyses vary only slightly according 
to species and observer : ox 22%, rabbit 24° (Davson, 1949, 1955a), ox 22%, 
rabbit 22%, cat 24% (Duane, 1949). Inorganic substances make up 0-87 %, 
(Krause, 1934) of the fresh weight of the cornea; in the extracellular fluid of 
the stroma they are close to being in a Donnan equilibrium with the aqueous 
humour (Davson, 1949). The greater part of the organic material of the stroma 
is collagen, which constitutes about 82% of the dry weight (Krause, 1934). 
Among the extractable substance a sulphated mucopolysaccharide has been 
identified which accounts for 4-2°% of its dry weight and is combined in a 
complex with an equal weight of protein (Woodin, 1954). The final 10% is 
probably largely composed of proteins and other water-soluble components 
of the blood. Roughly speaking, the fresh stroma may be taken as consisting 
of 76% of a fluid similar to aqueous humour, 19°% collagen, 2° mucoid and 
3% other soluble organic substances. 


Microscope 

Under the ordinary microscope, sections of the cornea show that essentially 
the stroma is made up of lamellae with their faces parallel to its surface. In 
between the lamellae lie a few flattened cells, and elastic and nerve fibres can 
also be distinguished ; these represent a very small fraction of the volume and 
they may be ignored for the purposes of this paper. 

The lamellae are composed of a transparent substance which appears to be 
structureless except when treated by special methods, and it is difficult to 
distinguish one from the other and to determine their dimensions. Salzmann 
(1912) describes them ag broad thin bands which cross each other at wide 
angles, lacing in and out at very small angles to each other, so that they vary 
only slightly from a course paralle] to the surface. Naylor (1953) identified each 
lamella with certainty by means of polarization microscopy and found they 
had an average thickness of 54 in the cat. Their breadth, according to 
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Salzmann, is most difficult to determine but is certainly far greater than 
20u. Their length is the entire width of the cornea, according to Virchow 
(1910). 

When the lamellar substance is opened up by teasing or similar techniques 
it is seen to have a fibrous structure. Virchow described the fibres as running 
straight along the lamellae and strictly parallel to one another. Their size has 
never been generally agreed upon, and structural units of different diameter 
denoted as fibres, fibre bundles, fibrils, etc., have been described by various 
authors; certainly, the size of the smallest structure visible with the micro- 
scope lies close to its limit of resolution. Virchow suspected, correctly as it 
turned out, that the fibres were bundles of yet smaller structures and for these 
he reserved the name of fibrils. | 


Electron-macroscope 

The appearance of the stroma under the electron-microscope has been 
observed by many workers, the most complete studies being those of Schwarz 
(1953) and Jakus (1954; private communication, 1955). They agree that each 
lamella is made up of long uniform fibrils lying parallel to one another (PI. I, 
fig. 1). Generally, the fibrils are embedded in an adherent ground substance 
which hides the details of their structure, but this can be removed by vigorous 
chemical or physical treatment whereupon they show the typical cross-striation 
of collagen. The ground substance may be identified with the corneal mucoid, 
since in the sclera, where very much less mucopolysaccharide is present, the 
untreated collagen fibrils appear free from it. 

The corneal fibrils are of uniform and equal circular section and seem to be 
indefinitely long. According to Jakus, their true diameter is 20-23 my in 
man and 23-27-5 my in the rat, though slightly higher values are recorded 
as a result of flattening if isolated fibrils are allowed dry down on to a suppor- 
ting film. For the purposes of this paper the diameter of the dry fibrils will 
be taken to be 25 my. 

Refractive index 

The refractive index of the stroma has been measured with the Abbé 
refractometer with slightly different results according to the species. Average 
values are 1-375 for man (Aubert & Matthieson, 1876), 1-382 for the ox and 
1-373 the pig (Aurell & Holmgren, 1953). The writer has made confirmatory 
measurements for the last two species, using six eyes in each case. The average 
values for the epithelial surface of the stroma were 1-382 and 1-374 respectively, 
in agreement with those previously found. Measurements were also made 
throughout the stroma at different levels, by splitting the tissue parallel to 
its surface with a spatula. The values found were consistently lower than those 
at the surface in both species; the difference seemed to be larger, the greater 
the depth of the section. The average values within the tissue were 1-376 in 
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the ox and 1-370 in the pig. The low value in the latter case accords with a low 
value of the dry weight found for these specimens, 21%. 

The approximate validity of Gladstone and Dales’ law of mixtures may be 
assumed so that the refractive index of the stroma, n,, should be given by 


= nd, (1) 
where n, and n, are the refractive indices of the collagen fibrils and the inter- 
stitial ground substance, and d, and d, their volume fractions, so that 

| d,+d; = 1. (2) 

The writer extracted collagen from the stroma of the ox in order to measure n, 
and d,. The tissue was cut into fragments, extracted with water or 0-01n-NaOH, 
and in each case allowed to dry down to a thin film which was heated to con- 
stant weight at 105°C. The specific gravity of the films was measured by 
weighing them in air and nitrobenzene (specific gravity 1-196) and each gave 
a value of 1-34. Since collagen, dried in a similar way, makes up 0-19 of the 
weight of the stroma, which itself has a specific gravity 1-05 (Felchlin, 1926), 
it follows that d, = 0-15. Small pieces of the film dried in this way, and over 
phosphorus pentoxide, were matched in refractive index with immersion 
fluids, using the standard Becke line method. This led to a value for , of 1-55. 

It is assumed that the other organic substances are dissolved in the inter- 
stitial fluid and give a refractive index 
+7 
where n, is the refractive index of aqueous humour, c, the concentration of 
these substances in the stroma, and R their specific refractive increment. 
Inserting values 1-335 for n,, 0-045 g/ml. for c,, 0-85 for d; and 0-18 for R, 
between the known values for proteins (0-19) and mucopolysaccharide (0-16), 
a figure 1-345 is obtained for n;. Then from equation (1) a value for n, of 1-374 
is obtained, within the range observed experimentally. 

Though this gives an over-all check on the composition of the stroma, it 
does not necessarily follow that it is divided into dry collagen and ground 
substance in the way suggested. The collagen will almost certainly be hydrated 
with water and, perhaps, salt obtained at the expense of the ground substance. 
If the values of d, and n, for the dry collagen are written d, and 7,, the values 
appropriate to the fresh tissue will be 


d, = (1+h)d,, (4) 
where h is the volume of water associated with one volume of collagen. Substi- 


tuting equations (2), (3), (4) and (5) in equation (1) shows that the value of ”, 
is independent of the hydration of the collagen. 
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Aurell & Holmgren (1953) attempted to measure the refractive indices of 
the collagen and ground substance directly. In order to obtain samples of the 
latter they squeezed fluid from the cornea and found that the first drops 
which appeared had an index of 1-342. This is a little lower than the value 
calculated above for the ground substance, but there is no reason to suppose 
that all its constituents are present in the expressed fluid; some, in particular 
the mucoid, may interact with collagen fibrils and remain attached to them. 

To measure the refractive index of the collagen they fixed the tissue, 
dehydrated it in alcohol, and then estimated its transparency when it was 
immersed in fluids of differing indices. The intact cornea was transparent in 
fluids over a range of 1-542~—1-564, but if the structure of the stroma was 
broken up mechanically it was found to be fully transparent in a fluid of index 
1-547 only. This is the refractive index of dry collagen, and it is doubtful 
whether the value applies in fresh tissue since it is unlikely to be unaffected 
by fixing and dehydration in alcohol. The results are interesting, however, in 
that they suggest that the transparency of the stroma is based on its internal 
arrangement. 

Birefringence 

It has been known for a long time (His, 1856) that the lamellae of the stroma 
are doubly refracting with their optic (slow) axis lying in the direction of the 
fibres. The stroma as a whole has an optic axis perpendicular to the corneal 
surface. Stanworth & Naylor (1953) have shown that this behaviour is to be 
expected if the lamellae lie upon one another with a random orientation, and 
proved that the value of the birefringence of the stroma should be one half 
that of the individual lamellae. Using this relationship, they obtained a value 
for the lamellar birefringence of 0-0028 from measurements on the retardation 
of light transmitted across the isolated cornea. Naylor (1953), by observation 
of the retardation of individual lamellae in thin corneal sections found a value 
of 0-0030. | 

The structure of a lamella as shown by the electron-microscope is that of a 
perfect mixed body of the rodlet type (Frey-Wyssling, 1948). Accordingly, 
it should exhibit a birefringence with the slow axis lying in the direction of 
the fibrils, in agreement with that found experimentally. The magnitude of 
this textural birefringence is given by Wiener’s formula which is most readily 
evaluated in the form 

— ni)? (6) 


~ +n? —d,(n? — 


The four unknown quantities d,, d,, n,, n, in this equation, and the unknown h, 
ave connected by the four independent equations (2), (3), (4) and (5), and a 
knowledge of the value of w, is sufficient to determine them absolutely: 
Unfortunately, the measured birefringence comprises not only this textural 
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component, but also one intrinsic to the collagen molecule. The standard 
method of distinguishing between these components is to measure the retar- 
dation of the tissue when impregnated with fluids of differing refractive index. 
The retardation passes through a minimum when the textural birefringence 
is zero. At this point the refractive index of the impregnating fluid is equal 
to m,, and the remaining retardation corresponds entirely to the intrinsic 
birefringence. 


Naylor (1953) applied this method to the cornea and found that the mini- 


mum retardation was shown in a fluid of index 1-50-1-52, and that the intrinsic 
birefringence was a third to a half of the total. However, it was necessary to 
fix the cornea and impregnate it with non-aqueous liquids in order to obtain 
a high enough refractive index. It is likely that under these conditions changes 
in the hydration and structure of the collagen may have occurred. 

Because of this uncertainty, the writer has carried out some measurements 
of the retardation of the fresh isolated cornea of the rabbit, details of which will 
be published elsewhere. The experimental method was essentially that of 
Stanworth & Naylor (1950, 1953) but certain refinements were added; in 
particular, the thickness of the cornea was measured by an optical method 
capable of an accuracy of 0-01 mm (Maurice & Giardini, 1951 a). 

The proportions of intrinsic and textural birefringence were estimated by 
allowing the tissue to dry, when the ground substance becomes sufficiently 
concentrated for its refractive index to equal that of the fibrils. The textural 
birefringence then vanishes and what remains is wholly intrinsic. The cornea 
was allowed to dry as far as it would, at first in air and then in a desiccator, 
and its thickness and retardation were measured at various stages. Similar 
measurements were taken when the cornea was allowed to swell in water. 
Experimental points from two corneae are plotted in Text-fig. 1. The retar- 
dation of the stroma at its normal thickness, 0-38 mm, corresponds to a total 
birefringence of 0-0027, in good agreement with the values of Stanworth & 
Naylor. 

The curves drawn in the figure were constructed according to Wiener’s 
formula to relate the thickness with the retardation. In their calculation the 
following assumptions were made: 

(1) The hydration of the collagen fibrils is independent of the thickness of 
the cornea. The values of d, and n, appropriate to each curve were calculated 
by means of equations (4) and (5). 

(2) The refractive index of the ground substance obeys equation (3) when 
dilute, and analogous equations to (4) and (5) when concentrated. The dry 
interstitial material is assumed to have the same density and refractive index 
as dry collagen; considerable variations in these figures would have little 
influence on the shape of the curves. 

(3) The retardation which remains when the cornea will dry no further 
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corresponds to the intrinsic birefringence and does not alter in value as the 
tissue swells, 

It can be seen that the experimental points conform very well to the shape 
of the theoretical curves and lend support to the above assumptions. The 
value of the hydration which gives the best fit to the points is 0-65, which 
leads to a value for n, of 1-47, d, of 0-23, and a fibril diameter of 31 my. 


Retardation (ma) 


Thickness (mm) 


Fig. 1. Relationship of retardation and thickness of stroma; normal thickness, 0-38 mm. The 
points are experimental values from two corneae. The curves are derived from Wiener’s 
formula as described in the text. Each curve is labelled with the refractive index of the 
fibrils and corresponds to a different state of their hydration. 


The evidence of double refraction, then, accords with the picture given by 
the electron-microscope of the stromal lamellae being made up of straight 
parallel collagen fibrils. In addition, it provides information about their 
state of hydration. It does not necessarily confirm the state of subdivision 
of the fibrils shown by the electron-microscopey since the birefringence would 
have the same value whatever their size, so long as they approximated to 
cylinders of uniform refractive index. 


The writer ha& carried out some studies on the diffusion of haemoglobin in 
the cornea with the following results. When a very small volume of concen- 
trated mammalian haemoglobin was injected into the stroma im vivo or im 
vitro it was observed to diffuse both along and across the tissue. If a thick 
cornea such as that of the ox was used and it was sectioned at the point of 
injection an hour or two later, it was seen that the diffusion took place more 
or less at the same speed in the two directions. The rate of spreading of 
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haemoglobin along a thin strip of cornea from a drop injected into its mid 
point, was measured photo-electrically. This led to a diffusion constant of 
3-6 x 10-8 cm*/sec at 0°C, about 10 times lower than its rate in free solution. 
If a cornea was allowed to dry a point was reached, when it was about 50°, 
of its original thickness, at which haemoglobin would be no longer spread, 
the boundaries of an injected volume remaining sharp after several days. 
Diffusion both across and along the tissue appeared to be prevented at the 
same time. 

Similar experiments were carried out with the haemoglobin of the mollusc 
Planorbis which has molecules of uniform weight, 1,630,000, which is 24 times 
greater than that of mammalian haemoglobin (Svedberg & Pedersen, 1940). 
It was found that a small volume of its solution injected into a cornea would 
not diffuse through the stroma in either direction. If the cornea was allowed 
to swell in saline, however, the haemoglobin started to diffuse when it was 
about 150% of its original thickness; the movement along the stroma began 
slightly before that across it. 

This evidence shows that diffusion in the stroma is limited by a structural 
system which becomes more open as the tissue swells. The equal freedom of 
movement in each direction suggests that it is taking place in the substance 
of the lamellae and not in any spaces between them. Since it is probable that 
the swelling takes place in the interstitial substance and leads to a separation of 
the fibrils, it is tempting to assume that these are the structures limiting the 
diffusion. If the dimensions of the spaces between the fibrils are considered, 
this view seems tenable. 

The hydrated fibrils occupy 0-23 of the stromal volume, and are 31 my in 
diameter; if they are equally spaced from one another, the distance between 
the axes of neighbouring fibrils will be about 62 mp. The gaps between the 
fibrils will therefore be 31 my on the average. The molecule of a mammalian 
haemoglobin has been estimated to be a cylinder 5-7 mp in diameter (Wyman, 
1948); when hydrated this would be increased to about 6-4 mp. Planorbis 
haemoglobin has a molecular weight 24 times that of mammalian haemoglobin, 
so that the diameter of its molecules will be about 18-5 my. The diameter of the 
largest molecules which can diffuse in the stroma in its normal state is, then, 
probably of the order of 12 my. 

There are several experimental results that suggest that when dimensions 
are of this order structures are capable of restricting the movement of molecules 
much smaller than would be indicated by a strictly geometrical relationship 
(Pappenheimer, 1953; Maurice, 1953). The discrepancy in the stroma, the 
abolition of diffusion of molecules 2} times smaller than the tissue spaces, is 
comparable with that found in other cases. It is possible, however, that the 
movement of haemoglobin is restricted further by the ground substance. 
The diffusion of small molecules across'the stroma is also informative. The 
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only substance for which the diffusion rate has been explicitly calculated is the 
tracer ion Na (Maurice, 1951). It was estimated that it diffused eight times 
more slowly than in free solution. The value taken for the thickness of the 
cornea in that paper has since been shown to be too small (Maurice & Giardini, 
19516) and a better estimate would be five to six times more slowly. It is 
possible also to calculate the diffusion rate of heavy water across the excised 
cat’s stroma from the experiments of Cogan & Kinsey (1942a). Taking its 
thickness to be 0-6 mm, this leads to a value five times slower than that in 
free solution at the same temperature. 

The obstacle the fibrils present to the diffusion of such small particles 
within the stroma can be derived from the formulae of Rayleigh (1892). In 
the direction along the fibrils the diffusion rate will be unaltered from that in 
} the interstitial fluid; across the fibrils it will be reduced by the factor 1+d,, 
that is 1:23. The greater part of the resistance to diffusion must therefore lie 
in the ground substance; since the resistance to Na and heavy water is similar, 
it seems to be in the nature of a viscosity. 


TRANSPARENCY 


A tissue which is made up of components of submicroscopic dimensions, which 
are transparent but of different refractive indices, may be expected to diffuse 
light by the process of scattering. Objective and subjective estimates of the 
corneal scattering agree that it is very small. If, on the other hand, the 
scattering by the collagen fibrils is theoretically calculated on the assumptiof 
that the scatter by each fibre is independent of its neighbours, and is summed 
up for the whole cornea, it leads to the conclusion that the cornea should be 

opaque. Attempts to reconcile current explanations of transparency, particu- 
larly that the stroma has a uniform refractive index, with the experimental 

evidence for its structure are not satisfactory. The conclusion has to be drawn 

that the fibrils do not scatter energy independently of one another and a 
‘lattice theory’ of the transparency is put forward in which the scattered light 
| is suppressed as a result of mutual interference. Preliminary evidence of the 
arrangement of the fibrils in a lattice is provided by X-ray diffraction. 


Corneal scattering 

The healthy cornea appears to be perfectly transparent under ordinary 
illumination. However, in an intense beam of focused light, such as the slit- 
lamp provides, the stroma appears slightly opalescent. The writer has estimated 
the light seattered back from the human cornea by focusing a slit-lamp beam 
perpendicularly upon it, and bringing the image of the illuminated area on to 

_ & photo-cell by means of a microscope (Langham & Wybar, 1954). The inten- 
sity and distribution of the light was compared with that scattered from a 
flat surface covered with magnesium oxide. It was found that 0-3% of the 
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incident light energy was scattered back if it was blue and 0-1 % if red. Part 
of this light may have been returned from the superficial layers of the cornea 
and their interfaces, and part from the cells of the stroma. These, therefore, 
represent maximum limits for the lamellar substance itself. It is difficult to 
estimate the total light scattered by the cornea since it is probable that the 
greater part is directed forward and much at a small angle to the transmitted 
beam (p. 280). This low angle scatter would form part of the ‘ciliary corona’ 
which surrounds a point of bright light in the darkness and has not yet been 
ascribed to any particular structure of the eye (Simpson, 1953). Nevertheless 
it is unlikely that the total light scattered at all but very small angles exceeds 
1°, of that incident upon the cornea. 


Scattering by the collagen fibrils 
If a lamella has the structure shown by the electron-microscope of long, 
straight, round, collagen fibrils embedded in ground substance, the light 
it should scatter may be calculated. The general case of the scattering of a 


plane electromagnetic wave falling perpendicularly on a dielectric cylinder of 


infinite length has been worked out theoretically by Schaefer (1909) and sub- 
mitted to an experimental check (Schaefer & Grossmann, 1910). He gave the 
results in terms of a series of Bessel functions, but if the circumference of the 
cylinder is small compared to the wave-length they may be simplified. 

There are two cases to be considered, distinguished by the plane of polari- 
vation of the incident wave. If the electric vector is parallel to the fibril axis 
the light is scattered uniformly at all angles to the axis and its electric 
amplitude at a distance r is given by 


B, = 48(2) (2) (7) 


where £ is the amplitude of the incident light in the stroma, A its wave-length 
in vacuo, and p the radius of the fibril, and n, and n, the refractive indices of 
the two media, as before. 

If the electric vector is perpendicular to the fibril axis the amplitude of the 
light scattered at an angle ¢ to the direction of the incident wave is 


The energy scattered by each length / of fibril when unpolarized light falls on 

it ie, then + ag 


where c is the velocity of light, and n, is the refractive index of the stroma. 
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This equation is applicable when / is finite but very large compared to A. 
The scattered light will be confined within the two planes passing through the 
ends of the length / perpendicularly to the fibril. 

In a layer of tissue of width across the fibrils, w, and thickness At there will 


be a number 
others, the total light scattered by a length / of the tissue layer will be this 
number times o. 


The amount of energy in the incident beam falling on the area lw will be 


of fibrils. If each scattered energy independently of the 


— lw for each plane of polarization. The fraction of the incident light 


scattered is, therefore, | 
2 
AS = |! (n? — At 
= kAt. (10) 


_ For the total thickness ¢ of the stroma the fraction of the incident light 
scattered will be (11) 

It may be noted that only the terms d,p*(n? — n?)? of the scattering constant 
k vary markedly with the internal constitution of the stroma. Similarly, 
only the numerator in equation (6) varies markedly with the constitution; 
when d, is small this reduces to d,(n?—n?)*. The similarity arises because 
both the scattering and birefringence depend upon the dipole moment induced 
in the fibrils by the electromagnetic field. 

Inserting in equations (10) and (11) the values derived previously for d,, 
n,, %,, and p, with a representative value for A, 500 my, and the thickness of 
the human stroma, 0-46 mm, the fraction S becomes 94%. If, therefore, the 
optical structure of the stroma established previously and the assumptions 
made in deriving the formulae are correct, the cornea should scatter most 


of the light falling upon it and be opaque. 


Explanations of transparency 

The oldest and most generally accepted theory which accounts for the 
transparency of the stroma is that all its components have the same refractive 
index. Before the electron-microscope revealed the fundamental structure of 
the tissue, these components were supposed to be the interstitial fluid and a 
structural unit—the fibre or lamella. Other writers allowed that the com- 
ponents could have different indices, but postulated that refraction at their 
surfaces was reduced by their close apposition (Ranvier, 1881) or the reduction 
of the fluid component to a minimum (Cogan & Kinsey, 19426). These con- 
siderations are superfluous to the essential problem of transparency as set out 
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in the previous section. More recently, Schwarz (1953) and Davson (19555) 
have applied the uniform refractive index theory to the structure seen by the 
electron-microscope, and have suggested the function of the mucopoly- 
saccharide is to raise the index of the ground substance to that of the collagen. 

Equation (10) shows that the stroma could be transparent if either p or 
(n,—m,) were very small. The former condition may be held to correspond to 
a uniform refractive index as much as the latter, since im any clear solution 
there exist differences in refractive index over regions of molecular size. The 
possibility of reconciling either of these conditions with the experimental 
evidence must be explored before the hypothesis of equal refractive index 
throughout the stroma can be rejected. 

To reduce the scattered light to the value actually found, the diameter of 
the dry fibrils would need to be 2 my or less, n, and n, retaining the values 
corresponding to the birefringence. These could correspond to the protofibrils 
which are believed to be the basic elements of collagen structure (Bear, 1952). 
If this was true, the fibrils seen by the electron-microscope would be artifacts, 
and in the fresh tissue they would be divided into more than a hundred strands, 
separated from one another so that their distribution throughout the stroma is 
more or less uniform. On the contrary, the electron-microscope picture is of ex- 
tremely well-defined structures, and no worker has reported any evidence of their 
subdivision. The diffusion of haemoglobin in the stroma also argues against 
this possibility and it would be necessary to suppose the existence of a system 
of channels running in all directions in the tissue to account for its movement. 

The second possibility, that the light scattering is low because n,—n, is 
smaller than previously estimated, implies that the fibrils are very hydrated. 
By equation (5) they would need to take up 4-5 times their own volume of 
water in order for the value of n, to fall to 1-374, the refractive index of the 
stroma. The fibrils would then approximate to cylinders of 60 mp diameter. 
This structure is compatible with the appearance under the electron-microscope 
since the specimens are necessarily dried in their preparation and the hydration 
of the collagen in the fresh tissue is irrelevant. On the other hand, the re- 
duction in the refractive index difference would make the textural bire- 
fringence very small, and the birefringence of the lamellae would be almost 
entirely intrinsic to the collagen fibrils. This conflicts with the experimenta! 
evidence previously described. Another argument against this very hydrated 
structure is that the diameter of the fibrils, 60 my, is about the same as the 
average distance between their centres, 65 my. This is difficult to reconcile 
with the experimental finding that there is little more resistance to the diffusion 
of mammalian haemoglobin, diameter 6-4 mu, than to the Na ion in the 
stroma. 

It could be postulated that the fibrils were swollen to this diameter, an‘ 
that the water taken up was not bound to the collagen but separated it into 
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protofibrils of high refractive index which recombined into single fibrils on 
drying. If a system of channels to permit diffusion was presumed to exist it 
would seem that all the experimental findings could be explained. This 
solution, however, meets a further objection which is put forward in the final 
section of this paper (p. 283). 

Caspersson & Engstrém (1946) have advanced a different kind of explanation 
of the transparency, suggested by the evidence that it is dependent on an 
internal arrangement in the stroma (p. 267). They supposed, on the basis of 
a peak in the absorption spectrum of the cornea, that the diameter of the 
fibrils was 300 my. It was postulated that these fibrils were strictly arranged 
so that their centres were spaced at equal distances along straight lines 
perpendicular to the corneal surface. According to this hypothesis, a ray of 
light passing down the row of fibrils would be refracted to and fro and would 
finally emerge undeviated. Reflexions at the fibril surfaces would be avoided 
by an envelope of mucoid whose refractive index tapered from that of the 
fibril to that of the interstitial fluid. 

This theory is not satisfactory on its own terms, since it makes no provision 
for rays falling other than perpendicularly on the corneal surface, and it 
necessitates a determined number of fibrils in the row, else the emergent ray 
will be deviated. More important is that the transmission of light across 
structures as small as 300 mp in diameter cannot be treated in terms of rays, 
and this applies with greater force to those of 30 my in diameter which the 
electron-microscope shows to be present. 

It cannot be decided readily whether a region of tapering refractive index 
around the fibril would affect the amount of light it scatters. The writer knows 
of no theoretical treatment of this problem, but since both the birefringence 
of the tissue and its light-scattering properties are linked to the dipole moment 
induced in the fibrils by the electric component of the electromagnetic field, 
it is unlikely that the latter could be reduced very markedly from the value 
calculated earlier without a corresponding change in the former. 


Lattice theory 
The discussion in the previous section failed to find a satisfactory mechanism 
whereby the light scattering of the individual fibrils could be reduced which 
was compatible with the experimental evidence. This makes it necessary to 
question the validity of an assumption made in calculating the scattering caused 
by the stroma—that the fibrils scattered energy independently of one another. 
The electromagnetic wave radiated by a fibril is determined by the dipole 


Moment induced in it, this is dependent only on its radius, its refractive 


difference from the surrounding medium, and the amplitude of the electric 
component of the oscillatory electromagnetic field which surrounds it. Only 


the last can be influenced by neighbouring fibrils, and the magnitude of this 
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interaction may be assessed by considering the disturbance to the incident 
field produced by any one fibril. By analogy with the standard treatment of 
the Herzian dipole (e.g. Joos, 1934) it should generate an electromagnetic 
field which contains both a propagated and a non-propagated component. 
The electric amplitude of the propagated component is given by #, and E. 
of equations (7) and (8), which fall off as the square root of the distance from 
the axis of the fibril and amount to 1 or 2% of #, the incident amplitude, at 
its surface. The non-propagated component is that of dipole induced in the 
fibril by the electric field of the incident wave. When this is perpendicular to 
the axis of the fibril this dipole produces a local field which falls - as the 


square of the distance from the axis, and has extreme values of ye ant ae. 


or 9% of E, at the fibril surface (Rayleigh, 1892). When the incident electric 
field is parallel to its axis, the dipole induced in the fibril causes no local 
variations in the field; within a lamella the field is everywhere tangential to 
the fibril surfaces and, therefore, everywhere equal. In the extreme case then, 
where one fibril touches another, it will alter the electric field surrounding it 
and hence its polarization by only a few per cent. If the value for HZ, the 
electric amplitude, is taken to be that in the stroma, equations (7) and (8) 
will apply with sufficient closeness. 

In general, it is the amplitude of the scattered wave as expressed by these 
equations, not its energy, that is the constant quantity associated with the 
radiation from a fibril. The waves emitted by the separate fibrils will mutually 
interfere and, according to whether this leads to their reinforcing or destroying 
one another, more or less energy will be scattered. The total scattered energy 
is equal to the sum of that which would be radiated by the fibrils if isolated 
from one another only if their axes are distributed in a random manner within 
the lamella. If there is any marked regularity in their arrangement the amount 
and distribution of the energy may be profoundly modified. For example, if 
n fibrils join together to form a bundle whose diameter is still small compared 
to the wave-length, the energy they scatter will be n® times that of a single 
fibril, not n times. This follows from equation (9), since the scattered waves 
reinforce one another giving rise to one wave of n times the amplitude; the 
same result is obtained if the bundle is considered as a single fibril of ./n times 
the radius. 

If, on the other hand, the fibrils are spaced out in a regular order within 
the lamella (Text-fig. 2) the individual scattered waves will interfere des- 
tructively in all directions except that of the incident beam. The scattered 
light will be projected entirely in this direction and the tissue will appear 
transparent. 

This may be shown by the methods used in the elementary treatment of 
diffraction, each fibril being considered as the source of a real Huygens 
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wavelet. More simply, it may be demonstrated by treating each row of the 
arrangement as & diffraction grating. It is the characteristic of a grating that 
it gives rise to energy maxima at angles 0 to a normally incident beam given 
by sin 6 = mA/d, where m is an integer and d is the spacing of the grating ele- 
ments. In a row of fibrils d/A is less than unity, so this equation will be 
satisfied only when m is zero and @ is 0° or 180°. 

If the fibrils were spaced out regularly in one dimension only, the tissue would 
reflect a fraction of the light falling on it in any but along this direction. This 
would be avoided if the arrangement of the fibrils was in a two-dimensional 
lattice. A regular hexagonal order is illustrated in section in Text-fig. 2, but 
any other would function as well. ; 


x > 


Fig. 2. Arrangement of fibrils in lattice, shown in section, proposed to explain transparency of 
cornea. A hexagonal lattice is shown; the lines passing through the fibrils are two sets of 
lattice planes. The arrows betweén the fibrils indicate the system of forces which is supposed 
to maintain the regularity of the structure. The wave-length of light is drawn above for 
comparison. 


For a tissue to be transparent it is necessary that its fibrils are parallel, 


equal in diameter, and have their axes disposed in a lattice. The sclera is — 


opaque because, although the fibrils are parallel over limited regions, a range 
of diameters of 28-280 my is revealed by the electron-microscope (Schwarz, 
1953); the greater light-scattering by the larger fibrils itself adds to the white- 
ness of the tissue. The freedom of the fibrils of the sclera from interstitial 
mucoid makes it unlikely, furthermore, that there is any order in their 
arrangement. 
X-ray diffraction 

If the explanation given above is correct, the lamellae should act as dif- 
fraction gratings for electromagnetic waves whose wave-length is less than the 
interfibrillar spacing, and produce first and higher order spectra. It is possible 
to put this to the test with X-rays. os 
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Each lamella should behave similarly to a three-dimensional lattice of the 
type familiar in crystallography but degenerated to two dimensions (James, 
1948). The nature of the diffraction pattern will be determined by the lattice 
planes, the sets of parallel planes that pass through the fibril axes, two of which 
are indicated in section in Text-fig. 2. The spacing of the planes in a set 
determines the angles the diffraction maxima make to the incident beam as 
if it was the spacing of the elements in a linear grating. Only certain maxima 
are produced, however, according to the orientation of the lattice plane 
relative to the X-ray beam. The dimensions of any particular lattice are 
fixed if the dry fibrils have a diameter 25 my and occupy 15% of the volume; 
in a regular hexagonal lattice the largest lattice plane separations are 54 and 
31 my, and in a square lattice 57 and 40 my. 

Some X-ray diffraction pictures were taken of the fresh cat’s cornea, using 
the diffraction apparatus of Franks (1955), which produces a very intense 
beam of X-rays focused at a point. Unfortunately, after the very first 
exposures were made the instrument became unavailable. These first pictures, 
nevertheless, showed diffraction rings surrounding the central spot and indi- 
cate that a randomly orientated regular spacing is present in the specimen 
(Pl. 1, fig. 2). The diameter of the rings corresponds to spacings of 20-5 and 
13-5 mp, suggesting that they are 2nd and 3rd order diffraction maxima of 
a 41 mp spacing in the specimen; the Ist order maxima would have too small 
a diameter to be resolved. This spacing is quite distinct from the typical 
periodicity of 64 mp shown by the collagen molecule, and suggests the existence 
of a square lattice with its diagonal perpendicular to the corneal surface. It is 
desirable that an attempt be made to obtain better defined exposures and that 
the values for the percentage of collagen and the diameter of the fibrils in 
the stroma of the cat be confirmed before any definite conclusions are drawn. 


DISTURBANCES OF TRANSPARENCY 
The normal cornea is in a compressed state and there is a tendency to swelling 
of the stroma if it is interfered with. The swelling is accompanied by clouding 
on which some original data are provided. Explanations of clouding can be 
given in terms of the uniform refractive index theory or the lattice theory 
of transparency. It is also possible to produce clouding by mechanical strain 
which seems only to be compatible with the lattice theory. | 


Swelling 
If the excised cornea is placed in saline or water its stroma will absorb the 
fluid and swell perpendicularly to the corneal surface. The cornea in situ also 
swells if its limiting layers are damaged, or after death. The swelling of the 
excised stroma can be prevented or reversed by pressing on its surface, and 
the change in weight of a cornea when immersed in saline and compressed 
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beneath a plunger was measured by Kinsey & Cogan (1942). Their results 
show that after five days, when the changes were greatest, the normal thickness 
was maintained bya pressure of about 80 g/cm?. An increase to about 650 g/cm?” 
reduced the thickness to about two-thirds, and a decrease of 13 g/cm? allowed 
it to swell to 14 times normal. 

The same workers showed that the limiting cellular layers of the cornea 
acted as semi-permeable membranes, and postulated that the swelling pressure 
of the stroma was balanced by an osmotic pressure difference between it and 
the aqueous humour (Cogan & Kinsey, 19426). They suggested that this 
difference arose because the newly formed aqueous humour was hypertonic 
to the blood, but it is now generally accepted that it results from the activity 
of the cellular layers of the cornea which continuously pump substances 
out of the stroma (Maurice, 1951; Davson, 1949, 1955a, b). It does not seem 
to have been noted previously that a stabilizing mechanism for the corneal 
thickness is provided by the very rapid alteration in swelling pressure which 
accompanies its variations. A 10%, change in the secretory activity of 
the cellular layers, for example, might lead to an equal variation in the 
osmotic difference between cornea and aqueous humour; the change in thick- 
ness of the cornea would need to be only 1 or 2% in order to adjust the swelling 
pressure to the new circumstances. 

It may be seen from Text-fig. 1 that the hydration of the fibrils is unchanged 
while the cornea swells from almost dryness to three times its normal thickness. 
The swelling therefore takes place in the ground substance. The same con- 
clusion was reached by Heringa, Leyns & Weidinger (1940), who found that 
the swelling capacity of a cornea from which the mucopolysaccharide had been 
extracted was very much reduced. Also in agreement are the observations of 
Frangois, Rabaey & Vandermeersche (1954), who examined surface replicas 
of swollen and normal sections of stroma under the electron-microscope, and 
could distinguish no difference in the fibril diameter in the two cases. 


Clouding | 

When the stroma swells it scatters more light. This is first observed sub- 
jectively as an increased haze round bright lights when the thickness of the 
cornea is increased by about 5%, as a result of wearing contact lenses, for 
example. When it is more swollen the increase in cloudiness of the stroma can 
also be seen objectively, most clearly with the aid of the slit-lamp. The re- 
lationship between thickness and clouding was observed in enucleated rabbits’ 
eyes using the apparatus of Maurice & Giardini (1951a) to measure the thick- 
ness of the cornea, and the photometric method of Langham & Wybar (1954) 
to measure the scattering. The slit-lamp beam was directed normally on to 
the corneal surface and the light scattered at an angle of 60° to the normal 
was collected and used as an estimate of the clouding. The results are shown in 
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Text-fig. 3. The general run of the points suggests that the scattering increases 
almost immediately the cornea swells above its normal value. 

Experiments. on isolated swollen corneae showed that a beam of light 
falling perpendicularly on the surface is scattered predominantly in the forward 
direction. Even when the cornea is swollen to its maximum thickness nearly 
all the scattering was restricted to a cone of 20° half-angle. The scattering is 
markedly greater for the shorter wave-lengths as is evident from the colour 
of a swollen cornea, smoky blue by direct light and red by transmitted light. 


— 
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10 750 
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normally on to the surface of rabbit's cornea and light scattered at angle 60° measured photo- 
electri¢ally. Ordinate: measured light as percentage of that scattered from MgO surface. 
Abscissa: thickness of cornea as percentage of normal. Different symbol for each of six eyes. 
Corneae swollen by placing eyeball in saline, shrunk by replacing aqueous humour by air 
and leaving at room temperature. 

This is shown also by measurements of the corneal absorption, which rises 

from the red to the blue end of the spectrum. The exact determination of the 

scattered light by means of absorption measurements would require particular 
care, however, because much of it makes small angles to the incident beam 
and would be included in the transmitted light by most instruments. 
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Explanations of clouding 

On the rere that the transparency of the stroma results from an equal 
refractive index of all its components, the explanation of the turbidity which 
accompanies swelling is that the absorbed fluid forms a phase with a different 
index. The fluid has been supposed to be taken up either between the fibres 
or, more commonly, the lamellae. The greater scattering of blue light by the 
swollen stroma indicates, on the other hand, that the scattering elements are 
of submicroscopic dimensions; moreover, if the fluid entered the spaces be- 
tween the flat surfaces of the lamellae the cornea should assume an iridescent 
appearance. 


CC 


+ Fig. 4. Illustration of disorder produced in fibril lattice by swelling. The weakening of the forces 


If the fluid were supposed to enter between the fibrils this explanation would 
seem to be tenable. In the scheme considered earlier in which the fibrils were 
hydrated to such an extent that their refractive index is that of the stroma, 
1-374, it was shown they would approximate to cylinders of diameter 60 my. 
If these were separated by aqueous humour of index 1-335, equation (9) shows 
that the cornea should be able to scatter up to a maximum of 97% of the 
incident light. 

On the lattice hypothesis the clouding results from a derangement of the 
fibrils consequent on a weakening of the forces holding them in position. The 
simplest system of forces which will maintain the lattice is one of equal 
repulsion between each fibril and its neighbours, as illustrated in Text-fig. 2. 
When the rows are separated in swelling, as shown schematically in Text-fig. 4, 
the orienting forces on a fibril from those in adjacent rows will be weakened 
and it will be pushed out of line by the fibrils on either side of it. 

The most stable arrangement of the fibrils is always when they are in a state 
of minimum potential energy, and this will be when the distances between all 
pairs of neighbours are as near equal as possible, if the forces between them 
are of the same nature. A hexagonal lattice of the type shown in Text-fig. 2 
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would have maximum stability. If it expands in a direction perpendicular tv 
the rows, the distances between neighbours will cease to be equal and a 
disordered arrangement will become more stable. A square lattice with its 
diagonal perpendicular to the corneal surface, on the other hand, will change to 
a stable hexagonal lattice on swelling by 70%. The almost immediate clouding 
as the cornea swells, therefore, argues in favour of the hexagonal lattice. 

If the displacement of the fibrils when the structure becomes disordered 
were independent of one another, the light they scatter should have a broad 
maximum in the opposite direction to the incident beam. Since the maximum 
is narrow and in the direction of the incident beam it seems that these dis- 
placements must be associated (James, 1948). This is not unexpected, since 
an out-of-line movement of a fibril in one row should tend to move its neigh- 
bours in adjacent rows in the same direction. 

It is possible that the forces between the fibrils manifest themselves exter- 
nally as the swelling pressure of the cornea. A system of forces such as illus- 
trated in Text-fig. 2 would give a resultant pressure both upon the faces and 
edges of a lamella; expansion in the latter direction would be prevented by 
its interweaving with neighbouring lamellae. This hypothesis has the attraction 
of connecting the two properties which distinguish the cornea from similar 
tissues, its transparency and its ability to swell. The swelling force is developed 
within the ground substance, and this must interact with the fibrils if they 
are to be pushed away from one another. There is physical and chemical 


part of the ground substance (Woodin, 1954). It must be borne in mind, 
however, that the equality of the swelling pressure and the interfibrillar 
forces is presumptive, and it is possible that a large part of the swelling force 
of the ground substance is by-passed around the fibrils. 

If it is allowed that the equality is true, it is possible to determine the nature 
of the force between two fibrils from the relation between swelling pressure 
and corneal thickness measured by Cogan & Kinsey. With a hexagonal lattice 
this leads to the result that the force falls off roughly as the thirteenth power 
of the distance between the fibril axes. Such a rapid change of force with 
separation would lead to both the formation of a very stable lattice and to 
its rapid derangement when it expands. 


Clouding by mechanical strain 
It is well known clinically that the cornea may become cloudy in conditions 
where the intra-ocular pressure is raised above the normal, and that its clarity 
is recovered when the excess pressure is relieved. Similarly, on squeezing an 
enucleated eyeball, the cornea will cloud for as long as the pressure is main 
tained and clear instantly it is released. The clarity is also disturbed in areas 
of local stress, for example, around the point of puncture by a needle. 
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Clouding by mechanical strain is much more easily elicited if the cornea is 
swollen. This is illustrated in Text-fig. 5 which records the results of experi- 
ments in which the light scattered back from the cornea of the rabbit’s eye 
was measured in the manner already described, as the intra-ocular pressure 
was raised through a needle inserted into the vitreous humour. Some eyes 
were taken immediately after the animal was killed and in others the cornea 
was allowed to swell in saline before the experiment was started. 


100 


Hg) 

Fig. 5. Relationship between intra-ocular pressure and light scattering of cornea. Scattering 
measurement as in Text-fig. 4. Pressure raised through needle in vitreous body. Ordinate: 
percentage of light scattered from MgO surface; abscissa: intra-ocular pressure. Upper curves 
obtained from swollen corneae, the number drawn against them gives their thickness as a 
percentage of normal. 
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On the hypothesis of equal refractive index throughout the stroma, the 
clouding is explained as the squeezing out of fluid from the structural element 
into the interstitial spaces. It is difficult to understand why this should be 
more marked in a swollen cornea where the spaces are supposed to have an 
excess of fluid in them already. 

The readier clouding of the swollen cornea would be expected on the lattice 
theory because any tendency to derange the fibrils would be accentuated if 
the ordering forces were weakened. There are two ways in general by which 
the derangement could be brought about. In the first, the fibrils are displaced 
in the lattice as a result of their individual tensions. In the second, the com- 
bined force of many fibrils causes distortions in neighbouring parts of the 
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lattice as a result of shear or compression. The writer has so far been unable 
to devise a procedure for determining which of these two general mechanisms 
is the operative one. 
APPENDIX 
Acoustical analogue to corneal structure 


A model has been constructed to illustrate the lattice theory of transparency. 
The light wave is replaced by an ultrasonic sound wave of about 30,000 c/s 
(A=12 mm). A narrow beam is conveniently generated by means of an 
electrostatic loudspeaker (LSH 75). It is directed at an identical loudspeaker 
placed about a metre away which acts as a microphone, and whose output is 
displayed on a cathode ray oscilloscope. 

The fibrils are simulated by 1600 straight steel rods 1-5 mm in diameter 
and 11 cm in length. These stand on end upon a square horizontal glass plate 
10x10cm. They are supported at the top and bottom by being passed 
through holes in two square pieces of perforated zinc sheet which are held 
above the glass by corner pillars. The holes form a hexagonal pattern of 
24 mm side so that the rods are held parallel to one another and in a regular 
order. The lower perforated sheet slides on the corner pillars, and may be 
raised into proximity with the upper one. If the model is then gently shaken 
the rods are sufficiently loose in their holes for their lower ends to slide on the 
glass bottom and become disordered. 

‘When the model with the rods in good order is placed in front of the loud- 
speaker so that the beam of sound passes through its lowest part, the ampli- 
tude of the wave received by the microphone is reduced to about 70%. 
_ When, however, the rods are disordered, the amplitude falls to less than 5%. 


SUMMARY 


1. The structure of the corneal stroma as revealed by its chemistry and 
its appearance under the microscope and electron-microscope is described. 
It is made up of collagen fibrils of uniform diameter which lie parallel to one 
another to form lamellae and are surrounded by a ground substance con- 
taining mucoid. Measurements of the refractive index and birefringence of 
the tissue indicate that the collagen is hydrated with 55% of its volume of 
water, and that the fibrils have a refractive index of 1-47 and the ground 
substance of 1-35. The hydration of the collagen does not change when the 
tissue is allowed to dry partially or to swell in water. A preliminary investi- 
gation of the diffusion of haemoglobins in the stroma gives results in accordance 
with this structure. | 

2. Calculation of the light chut would be scattered by the fibrils suggests 
that the cornea should be opaque. Previous explanations of its transparency, 
particularly that its components are of uniform refractive index, are examined 
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and shown to be unsatisfactory. The theory is advanced that the fibrils are 
arranged in @ regular lattice so that the scattered light is destroyed by mutual 
interference. Evidence for this lattice structure is provided by X-ray diffraction. 

3. The loss of transparency that occurs when the stroma swells in water 
or is mechanically stressed, is measured. It is briefly considered in the light 
of the hypothesis that the forces that cause the swelling are the same as those 
that maintain the lattice structure. 

4. An acoustical analogue is described which shows how a system of parallel 
scattering cylinders is transparent to a sound wave when they are arranged 
in a regular pattern but is opaque when they are disarranged. 


The author would like to thank Dr M. A. Jakus for providing the elect i ph and Dr A. 
Franks for making the X-ray diffraction exposures. Mr A. J. Cragg assisted at all stages in the 
preparation of this paper. 
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EXPLANATION OF PLATE 
Prats | 

Fig. 1. Electron-microscope picture of cross-section of stroma (Jakus, private communication, 
1955). Turtle cornea fixed and embedded in plastic, x 14,500. Owing to the fortunate 
orientation of the section the parallel arrangement of the fibrils in the lamellae, running 
alternately into and across the page, is clearly seen. The arrangement in mammalian cornese 
is essentially similar but because of unlucky orientation, distortion of the layers and, perhaps, 
a basically less regular pattern, a picture as clearly defined as this one has not yet been 
obtained. 

Fig. 2. X-ray diffraction patterns of fresh cat’s cornea (Franks). A pencil of X-rays, wave-length 
0-154 my, is shone normally to surface of cornea which is 29 mm from film. Magnification 
of negative, x 15. The two figures correspond to ten different exposure times. Diameters of 


diffraction maxima, 7 and 11 mm. correspond to y oriented spacings of 13-5 and 20-5 m 
in cornea. 
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THE MEASUREMENT OF LIVER BLOOD FLOW IN 
PARTIALLY HEPATECTOMIZED RATS 


By B. BENACERRAF, D. BILBEY, G. BIOZZI, 
B. N. HALPERN anp C. STIFFEL 
From the Clinique médicale propédeutique de l Hépital Broussais, 
Association Claude Bernard et C.N.R.S., Paris 


(Received 13 November 1956) 


In a previous study (Benacerraf, Biozzi, Cuendet & Halpern, 1955) the 
phagocytic activity of the reticulo-endothelial system with regard to the 
regeneration of the liver in partially hepatectomized rats has been investigated 
by measuring the rate of clearance from the blood of carbon particles of known 
size (about 250 A). 

When 60-70% of the liver tissue is removed, the organ regenerates almost 
completely in the course of a week (Himsworth, 1947). Partial hepatectomy 
causes a decrease of phagocytic activity, but to a lesser degree than might be 
expected considering the reduced amount of liver tissue. The compensatory 
factor is presumably the increased blood flow through the remaining liver, 
caused by portal hypertension. It was felt from the data reported and from 
observations in the literature (Mann & Magath, 1922; Mann, 1940, 1943) that 
the increased blood flow through the remaining liver played a considerable 
role in the regeneration of the organ. However, measurement of blood flow 
could not be suitably made with the techniques already used and more 
adequate methods of measurement have been developed involving the injection 
of colloids labelled with radio-isotopes, which permit the use of very small 
doses of the injected medium (Dobson & Jones, 1952; Benacerraf, Biozzi, 
Halpern, Stiffel & Mouton, 1956). 

When small enough doses of colloids which are phagocyted by the reticulo- 
endothelial system are injected intravenously, there is a critical dose below 
which the rate of clearance is maximal and independent of the quantity 
injected, and nearly all the injected material is contained in the Kupffer cells 
of the liver, The efficiency of clearance of the colloid by the liver is maximal 
in this dose range, and in the normal rat it is about 80-85% for chromium 
phosphate (#P) and also for the complex human serum albumin labelled with 
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In the present study the liver blood flow has been calculated both in normal 
rats and in partially hepatectomized rats from measurements of blood clearance 
of C.A.™[, Maximal efficiency of clearance of this colloid was measured both 
in the normal rat and in the partially hepatectomized rat in the course of these 
experiments. 

The results of the present study confirm that considerably greater liver 
blood flow occurs per unit weight of liver in the partially hepatectomized rat 
immediately following the operation than in the control rat, while after 
regeneration of the liver the values of blood flow in the two groups are 
comparable. 


METHODS 


Male white rats were used and the operative procedures, except where otherwise stated, were 
performed under light ether anaesthesia. Partial hepatectomy was carried out as described in 
& previous paper (Benacerraf ef al, 1955). All the liver tissue supplied by the left branch of the 
portal vein, approximately 60-70% of the organ, was removed after ligation of this branch. 
The phagocytic activity of the reticulo-endothelial system (n.8.s.) was investigated in ten 
control rate and eleven partially hepatectomized rats 4 hr, 16 hr and 5 days after operation, using 
a dose of 8 mg carbon/100 g body wt. Each animal was killed after experiment and the ratio of 
its body weight to the combined weights of its spleen and its available liver W/W ,, was calculated. 
The phagocytic index, K, and the corrected index, a, have both been calculated (Biozzi, 
Benacerraf & Halpern, 1953; Halpern, Benacerraf, Biozzi & Stiffel, 1954). K, which varies with 
both the weight of the liver and spleen and the dose of carbon, was calculated for the 8 mg dose 
from the log. to the base 10 of the change in concentration of carbon in the blood with time. 
The variation of K with the weight of the organs is related to the cube of W/W,,. « is obtained 
by correcting K for this variation and, being an index of the phagocytic activity per unit wt. of 
liver and spleen combined, is more useful than is K in comparing the data from different rats. 
The liver blood flow was determined from the clearance of serum albumin complex, tagged with 
11T (C.A.™]), distributed in the general circulation by injection into the dorsal vein of the penis. 
Toallow for the incomplete removal of C,A.""I during a single passage through the liver, a correc- 
tion factor was obtained by determining the efficiency of this removal. From the rate of clearance 
of C.A.™"I injected into the general circulation and the efficiency of its removal by the liver, to- 
gether with the total blood volume, it is possible to calculate the liver blood flow. The calculation is 
made by employing the procedure introduced by Dobson & Jones (1952). The specific rate constant 
of colloid clearance (K,) for the relevant dose range is multiplied by the total blood volume of the 
animal and the result corrected by the efficiency factor for clearance. 


In C,-C, 

T,-T, ’ 
where C, and C, are the concentrations of C.A.™ I in the blood at times 7, and 7’, respectively 
after its injection into the dorsal vein of the penis. 

The three measurements required for determination of blood flow were made as follows: 

(1) Rate of clearance of C.A.™ I injected into the general circulation (determination of K,). It is 
important that the quantity of C.A.™'I injected is such as to cause its concentration in the blood 
to lie within the range required for maximal clearance. To attain this, a dose of 0-01-0-05 mg/100 g 
body wt. was injected into the dorsal vein of the penis. Measured blood samples, 0-025 or 0-05 m1I., 
were obtained in a calibrated glass pipette from the retro-orbital venous plexus (Halpern & 
Pacaud, 1951). The blood samples were evenly spread on circles of filter paper, 2°5 om in diameter, 
mounted on glass slides, and the f-radioactivity was measured directly with a Geiger—Mii!ler 
counter, After the animal was killed 96-99 % of the injected radioactivity could be found in the 
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liver. The y-radioactivity of weighed samples of tissues was measured with a scintillation counter 
keeping the geometry constant. 

(2) The efficiency of clearance of C.A."*I by the liver. This was measured by injecting C.A.™I 
directly into & mesenteric vein so that it would go directly through the liver before reaching the 
general circulation. Care had again to be taken that the quantity of C.A."""I injected would give 
a concentration in portal blood within the range that permits maximal clearance. The quantity 
used was small (0-01 mg in 0-15 ml.), This was injected slowly (10-20 sec). The operation was done 
under local anaesthesia because of the report by Dobson & Jones (1952) that general anaesthesia 
modifies liver blood flow. The clearance of the C.A."*"I was measured by drawing blood samples of 
0-1 ml. from the retro-orbital site and diluting them to 3 ml. with 0-1 % sodium carbonate solution ; 
and, for increased sensitivity, the y-radioactivity of the blood was measured with a well-type 
scintillation counter. The initial concentration of C.A.™'I in the blood indicated by extrapolation 
was compared with the concentration calculated for the same dose distributed in the blood volume 
of the animal. The ratio of these two concentrations is the required efficiency factor. 

(3) The total blood volume, A value of 7-25 ml./100 g body wt. was accepted for control rats and 
also for partially hepatectomized rats 5 days after operation, when regeneration of liver is found 
to be complete. This value of 7-25 ml. is the volume found by extrapolating to zero time the 
clearance curves of carbon and of C.A.™I for a large number of rats. 

Individual blood volume values have been measured for partially hepatectomized rats investi- 
gated a few hours after operation. This was done because some of these animals had slightly 
lowered blood volume after operation. 

The preparation, dosage and iodination of the human serum albumin complex is described in 
& previous publication (Benacerraf et al. 1956). 


Taste 1. Effect of partial hepatectomy on the phagocytic activity of the R..s. for carbon 
particles, measured by the phagocytic activity (indices K and a) for the dose of 8 mg of 
carbon/100 g body wt. 


No. of Time after K 
rats operation (decimal log.) W/W, a 
Control rats 
10 0-026 22 6-6 
4 br 0-013 43 9-9 
7 5 days 0-035 20-5 6-7 


K =the phagocytic index, «=the corrected phagocytic index, W =total body weight of experi- 
mental animal and W,, = weight of liver and spleen. 


RESULTS 


The data concerning the phagocytic activity of the reticulo-endothelial system 
for the dose of 8 mg of carbon per 100 g body weight are shown in Table 1. 
Four hours after partial hepatectomy the over-all activity measured by K is 
decreased, but not in proportion to the amount of liver tissue removed. The 
index « which measures the phagocytic activity per unit weight of hepato- 
splenic tissue is above normal owing to the increase of blood flow through the 
liver. The results obtained are identical with those reported previously 
(Benacerraf et al. 1955). Within 5 days after partial heptectomy the liver has 
recovered its normal size and the indices K and « have resumed their normal 
Values. 
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The efficiency of clearance of C.A.™I by the liver, in the range of concen- 
tration in the blood where clearance is maximal, is shown in Table 2 which 
includes results from both control rats and partially hepatectomized rats a 
few hours after operation. The efficiency of clearance in four control rats 
varies from 79-86%, with the mean value of 84%. In rats subjected to partial 
hepatectomy and investigated a few hours later, the maximal efficiency of 
clearance is only 62-5% (range 57-67%). The reason for this difference is 
that the blood flow per unit weight is increased through the remaining liver 
which effects a decrease in the efficiency of colloid clearance, as shown by 
Brauer, Leong, McElroy & Holloway (1956). 


Table 3 gives both the values of the minimal liver blood flow of normal rats — 


before the efficiency correction has been made, and the values of corrected 
liver blood flow. Tables 4 and 5 present the values of liver blood flow in 
partially hepatectomized rats, 4 hr, 16 hr and 5 days after operation. The 
average normal liver blood flow of the normal intact rat, measured by the 
method described here, is 1-44 ml./g/min. A few hours after hepatectomy the 
average liver blood flow is 2-57 ml./g/min, nearly twice the normal. Five days 
later, when the liver has recovered its normal size, the liver blood flow has 
returned to normal values. Table 6 gives calculated data for an ideal rat of 
100 g body wt. 


TaBLe 2, Maximal efficiency of portal clearance of C.A.™I in the normal 
rat and in the partially hepatectomized rat 


79 65 
86 67 
86 61 
x4 57 
Mean 84 62-5 


TaBLe 3. Measurement of liver blood flow in normal rats by multiplying the specific rate of 
clearance of C.A.™'I (K,) for a limited dose range (0-010—-0-050 mg/100 g body wt.) by the 
blood volume of the animal and correcting for the efficiency of clearance 


Corrected liver 
blood flow: 
Minimal liver mean efficiency 
Body wt. ~ - Liver wt. blood flow factor 84% 
(g) (in) (g) (ral./g/min)  _(ml./g/min) 
131 0-943 6-200 1-43 1-70 
166 0-655 7-900 0-99 1-18 
132 0-855 6-300 1-28 1-52 
154 0-690 7-100 1-08 1-29 
161 1-04 8-300 1-45 1-75 
171 0-545 6-500 1-03 1-23 
Mean 152 0-788 7-05 1-21 1-44 


C.A.%"I injected into dorsal vein of penis; blood volume considered in calculation of liver blood 
flow = 7-25 ml./100 g. (Corrected liver blood flow measured in 15 rate in dose range of C.A."*'! 
from 0-012 to 0-250 mg/100 g = 1-354 0-24 ml./g/min; Benacerraf et al. 1956). 
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Taswz 4. Liver blood flow in partially hepatectomized rats 


Minimum £E 
Liver Blood _liver blood factor liver blood 
Body wt. K,  Liverwt. removed volume flow clearance flow 
(g) (Im) (g) (g) (ml./100g) (ml./g/min) (%) (ml./g/min) 
After 4 hr 
140 0-300 2-4 5-55 5-9 1-03 62-5 1-65 
130 0-312 2-5 4-60 5-9 0-96 62-5 1-53 
132 0-382 2-3 4-15 6-6 1-44 62:5 2-30 
135 0-336 2-7 5-45 76 1-29 62-5 2-06 
Mean 134 0-332 2-47 4-04 6-5 1-18 62:5 1-9 
After 16 hr: 
142 0-360 2-4 3-5 7-25 1-54 65 2:37 
180 0-308 31 4-05 7-25 1-30 67 1-94 
130 0-457 1-9 3-05 7:25 2-25 61 3-70 
113 0-272 1-7 3-25 7-25 131 57 2-30 
Mean 141 0-349 2-27 3-46 7:25 1-6 62-5 2-57 


For K,C.A.1 injected into dorsal vein of penis (0-05 mg/100 g body wt.) ; for efficiency factor, 
C.A.™I injected into mesenteric vein (0-005 mg/100 g body wt.) 3 


Tasxe 5. Liver blood flow in partially hepatectomized rats after 5 days 


Corrected liver 
blood flow 
Bod Liver Liver Minimal liver (mean efficiency 
bw | K, weight removed blood flow factor 84%) 
(g) (In) (g) (g) (ml./g/min) (ml./g/min) 
128 0-767 5&7 41 1-25 1-49 
134 0-767 5-75 3-6 1-30 1-55 
133 0-862 5-9 3-4 1-41 1-68 
115 0-828 5-7 3-4 1-21 1-44 
90 0-483 4°75 2-9 0-66 0-79 
114 0-851 4-6 3-1 1-52 1-82 
126 0-625 4-65 3-5 1-22 1-45 
-Mean 120 0-740 5-29 3-4 1-22 1-46 


C.A.™] 0-05 mg/100 g body wt. Blood volume used in calculations of liver blood fiow: 
7-25 ml./100 g. 


Taste 6. Data caloulated for ideal rat of 100 g 


Time 
Intact 
rat 4hr 16 hr 5 days 
Blood volume (ml.) 7:25 
Liver wt. (g) 4-6 1-85* 1-61 4-4 
Liver blood flow 
ml./g liver/min 1-44 1-9 2-57 1-45 
ml./min 6-60 3-5 411 6-40 
Percentage of body blood that passes 91 54 56 88 


through liver in each minute 


* These figures differ because of small differences in liver weights and in quantities of liver 
removed at operation. There is no evidence of any significant change in liver weight during the 
first 16 hr after operation. 
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2 
Partially hepatectomized rat. 
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DISCUSSION 


The measurement of liver blood flow at definite intervals after partial hepat- 
ectomy shows that the increased portal pressure results in a considerable 
increase in flow per gram of liver tissue and that this is associated with a 
decrease in the efficiency of clearance. These results are in complete agreement 
with the data reported by Brauer et al. (1956). These authors, investigating 
chromium phosphate clearance by the rat’s liver perfused with blood, observed 
that the efficiency of clearance decreased with the increase of blood flow. The 
values reported by these authors for efficiency of clearance with respect to 
liver blood flow are identical with those obtained in our experiments in vivo. 
The data reported establish that, immediately following hepatectomy and up 
to the time that the liver has recovered its nearly normal size, the blood flow 
per gram of liver substance is considerably higher than normal. This also 
accounts for the increased phagocytic activity of the liver per unit of weight 
(x) following such operation. The results of these experiments emphasize 
further the role played by the liver blood flow in determining regeneration of 
this organ after partial hepatectomy. 


SUMMARY 

The removal of 60-70% of the liver of the male white rat has the following 
effects: 

(1) Maximal efficiency of portal clearance of complex serum albumin ™'I 
falls from 84 to 625%. 

(2) The total blood volume of a 100 g rat falls from 7-25 ml. to 6-5 ml. 

(3) The total liver blood flow falls but the flow/g liver/min rises, thus: 
1-44 ml. (normal); 1-9 ml. (4 hr after operation); 2-5 ml. (16 hr after operation). 

(4) The proportion of the total blood volume passing through the available 
liver falls. 

(5) After 5 days the liver has regenerated and normal values are restored. 

(6) Values for an ideal rat of 100 g are tabulated. 
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A QUANTITATIVE COMPARISON OF THE SYMPATHOMIMETIC 
AMINE CONTENT OF THE LEFT AND RIGHT 
ADRENAL GLANDS OF THE CAT 


By K. R. BUTTERWORTH* anp MONICA MANN 


From the Department of Pharmacology, School of Pharmacy, University 
of London, 17 Bloomsbury Square, London, W.C.1 


(Received 26 November 1956) 


Much work has been undertaken concerning the effects of various chemical 
and physical stimuli on the amine content of one adrenal gland of the animal, 
the other being used as a control. Some of the early workers (Elliott, 1912; 
Stewart & Rogoff, 1916) calculated the adrenaline content of the adrenal per 
gland. More recent workers (Biilbring & Burn, 1949; Crawford & Outschoorn, 
1951) assume that the adrenaline and noradrenaline content of the two glands 
is the same per gram of tissue and thus they express their results in »g/100 mg 
of gland. Still other workers (Satow, 1938; Hékfelt & McLean, 1950) have 
expressed their results in three ways: in wg/mg of gland, in »g/gland and in 
pg/kg of body weight. Butterworth & Mann (1956), when comparing the 
amine content of the two adrenals of the cat, subsequent to depletion and 
resynthesis of the amines in one of them, found it necessary to ascertain 
whether the adrenaline and noradrenaline contents of the two glands were the 
same per gland or per unit weight of gland. Thus the main object of this paper 
is to determine the relationship between the amine contents of the two 
adrenals of each cat. Certain other statistically derived data concerning 
normal cat adrenals are included. 


METHODS 


Sources. The adrenal glands were obtained from cats which were employed for various types 
of experimental work. The glands that were used for determining the normal adrenaline and 
noradrenaline content were obtained by careful removal under chloralose anaesthesia before any 
other experiment was performed. Those that were used for comparing the amine content of the 
left and right glands of each animal were obtained subsequent to various experimental conditions. 
The adrenals of ovariectomized, pregnant and lactating cats are excluded from the results of 


* Present address: Department of Pharmacology, St Mary’s Hospital Medical School, 
London, W.2. 
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Table 1, since it is known that such conditions affect the weight of the glands. They are included 
in Table 2 since, even under such conditions, the two glands should bear the same relationship 
to each other as in the non-pregnant animal. 

Preparation of the extracts of the adrenal glands. Immediately the gland was removed it was freed 
of connective tissue, weighed on a microtorsion balance and a 50 mg/ml. extract prepared by 
grinding in 0-1 x-HCl with 300 mg of acid-washed sand per 100 mg of gland. The extract was 
centrifuged at 5000 r.p.m. for 2 min and the supernatant fluid withdrawn. After checking that the 
extract was definitely acid, it was stored in an airtight container at just above 0° C. 

Assay methods. The adrenaline and noradrenaline content of the extracts was determined by 
differential biological assays, using the blood pressure of the h th treated cat and the 

acutely denervated nictitating membrane of the cat as separate test preparations. The amines were 
calculated as the laevo isomers of the base, by the formula originated by Bilbring (1949). In 
addition, a qualitative paper chromatographic analysis similar to that of Shepherd & West (1951) 
was made, using n-butanol-acetic acid—water as the solvent and potassium iodate as a spray to 
locate the catechol amines. 


RESULTS 


No significant difference (P>0-05) was found between (1) the weight of 
adrenal tissue in the male, castrated male and female cats, either when 
expressed as mg or as mg/kg of body weight (Table 1); (2) the weights of the 
left and of the right adrenal glands in either the male or the female cats 
(Table 2); (3) the sexes with respect to the total amine content when expressed 
as per 100 mg or as per gland (Table 3), and (4) the sexes with respect to the 
percentage of noradrenaline in the glands (Table 3). 

As can be seen from Table 5, 28 out of 36 pairs of glands show a closer 
relationship when the results are expressed as per gland than as per 100 mg of 
total amine in left CARAT Bf tn total amine in left 
total amine in right °°" 8 total amine in right 
per 100 mg of gland. There was no difference between the sexes in this respect. 
Four pairs of glands show an identical total amine content. Of these, two 
pairs were of identical weight and two differed by only 1 mg. Four pairs show 
a closer relationship per 100 mg than per gland. These pairs differed in weight 
by 3, 5, 16 and 38 mg (1-1, 2-6, 11-4 and 18-1% respectively); 3 and 5 mg 
represent only insignificant volumes of extract. Thus only two out of 32 pairs 
of glands fail to conform with the statement that the total amine content of 
the two glands of any cat is the same, irrespective of the difference in weight 
of the two glands. Statistical analysis of these results (Table 4) gives a 
variance ratio (F’) of 2-25, which is greater than the value of 1-89 given in the 
tables at P=0-05. Since the variance for the results expressed as per gland is 
the smaller figure, the better method of expressing the amine content is per 
gland and not as per unit weight of gland. There was no significant difference 
(P > 0-05) between the percentages of noradrenaline in the left and right glands. 

By means of the chromatographic analysis the presence of adrenaline and 
noradrenaline in the glands was confirmed. No other catechol amines were 
detected. 
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Tastx 1. Weight of cat adrenal tissue 


me melke 
Castrated 

males Males Females males Males Females 
Mean 431 401 419 111-4 131-1 148-1 
No. of observations 21 41 48 21 41 48 
8.D. +121-4 + 160-3 +141-4 + 35-2 +39-9 
8.E. + 265 + 26-0 + 20-4 + 7-67 + 7-79 + 576 

t 0-837 0-557 1-802 1-752 
P >0-05 >0-05 >0-05 > 0-05 


Tasxe 2. Difference in weight (mg) of the two adrenal glands of each cat 


Males Females 
weight weight 
xight and ight and 
(R -L) x 100 x 100 
Maximum +100 + 24-76 +70 + 21-43 
Minimum — 58 — 26-44 -40 — 36-36 
ion + 1-34 — + 1-28 
No. of observations — 62 —_ 60 
+11-96 + 10-64 
8.5. + 1-52 + 1-37 
t — 0-112 — 0-121 
P — > 0-05 — > 0-05 
TasBLe 3. Amine content (ug) of cat adrenal glands 
Total amine/100 mg Total amine/gland Noradrenaline (%) 
Males Females Males Females Males Females 
Maximum 385-8 404-7 627-4 991-5 89-9 90-7 
Minimum 91-1 50-3 177-9 100-6 18-7 13-3 
184-1 146-9 330-6 311-4 58-1 53-4 
No. of observations 16 22 16 22 16 
+727 +1161 +210-6 +19-8 +19-1 
S.E. +15°5 +20-8 + 248 + 52-6 + 422 + 477 
t 1-430 0-331 0-737 
> 0-05 > 0-05 >0-05 


DISCUSSION 
The fact that there is a much closer relationship between the total amine in 
the two glands of any one cat, when expressed as per gland rather than as 
per 100 mg of gland, shows that in this animal all results should be calculated 
per gland and not per unit weight of gland. In some experiments the method 
of calculation makes little difference to the answer but in certain cases, e.g. 
either where the difference in weight of the two glands is large or where the 
degree of depletion or of resynthesis is small, it can make a considerable 
difference. It was found that if the two glands differed in weight by 10% or 
more, then calculating the answer per gland instead of per 100 mg of gland, 
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TaBLE 4. Relationship between the amine content of the left and right 


Difference 
in weight 


of 


Increase 


in weight 


of 


(%) 


adrenal gland of the cat 
Noradrenaline (%) 
Left Right 
gland gland 
(a) Males 
63-8 63-8 
13-8 17-4 
95-4 95-5 
0 0 
59-2 60-7 
43-1 36-1 
81-5 85-0 
77-5 84:3 
74-5 68-8 
57-2 61-2 
53-7 49-4 
68-8 65-7 
(6) Castrated males 
52-9 52-9 
36-6 37-3 
49-8 43-6 
76-3 61-7 
32-2 31-8 
0-9 147 
49-3 46-9 
76-1 75-5 
45-8 52-9 
85-9 81-9 
47-0 53-5 
46-0 53-1 
(c) Females 
55 
2-3 0 
3-8 0-9 
38-3 40-8 
3-2 6-8 
40-9 38-9 
9-8 0 
46-9 41-7 
29-4 27-3 
53-4 53-3 
40-7 43-4 
40-0 38-1 
44-49 44-04 
36 36 
+ 26-5 + 26-4 
+ 441 + 439 
t=0-072 


Total amine in left 


1-00 1-00 
1-03 1-03 
1-17 1-14 
1-00 1-03 
1-41 1-33 
1-19 1-12 
0-92 1-00 
1-14 1-04 
0-86 0-99 
1-55 1-33 
1-16 0-96 
1-32 
1-00 1-00 
1-00 1-02 
1-25 1-19 
1-57 1-48 
1-05 0-98 
1-23 1-14 
1-16 1-05 
1-03 0-92 
1-09 0-97 
1-08 0-96 
0-83 0-96 
0-82 0-97 
1-05 1-05 
1-01 1-00 
0-97 0-98 
0-80 0-81 
0-94 0-96 
1-12 1-08 
1-26 1-17 
1-05 

1:23 1-12 
0-99 0-84 
1-57 1-30 
0-71 0-97 


+0-207 +0-138 
+0-034 +0-023 


Variance ratio (F) =2:25 
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4 
Total amine in right 
(mg) Per 100mg Per gland q 
0 0 
0-5 
3 2-3 7 
5 2-6 | 
10 5-8 1 
ll 6-6 q 
10 91 4 
23 9-8 
51 15-4 
32 16-4 4 
32 20-5 i 
35 25-9 
0 0 
3 1-1 
12 5-3 
10 6-3 
12 7-0 
21 8-4 4 
18 9-8 
16 11-4 
23 12-4 q 
24 12-6 
29 15-2 4 
52 19-1 
0-5 
0-6 q 
1-0 
2-0 
2-5 3 
4-2 
8-1 
8-3 
9-8 4 
18-1 
21-2 
36-4 
Mean 1-099 1-053 
No. of observations 36 36 a ’ 
Variance 0-043 0-019 4 
8.D. 
8.E. 
(P >0-05) 
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reduces the mean difference between the amine contents from 25 to 10%. The 
fact that the percentage of noradrenaline is so similar in both the glands of 
the animal is also of importance because otherwise the use of one gland of each 
animal as a control would not be valid. 


adrenal gland of the cat 
(Data derived from Table 4.) 
Castrated 
Males males Females Total 
Closer relationship per gland than 9 9 10 28 
per 100 mg of gland 
Same answer per 100 mg and per 2 I 1 4 
(weight of glands same or 
mg different). 
Closer relationship per 100 mg than 1 2 1 4 
per gland 
Total number in group 12 12 ‘12 36 


Although there is no significant difference between the percentages of 
noradrenaline in the glands of the male and the female cats there is a wide 
variation in this percentage between individual animals, in both the sexes. 
The least amount of noradrenaline found was 13-3% and the greatest 90-7 ° 
(Table 3). This wide range is in agreement with the work of others (Vogt, 1952; 
West, 1955). The somewhat lower percentages of noradrenaline in the results 
of Table 4, as compared with those of Table 3, may be explained by the fact 
that in Table 4 the glands were removed at the completion of the experiment, 
by which time there was inevitably some depletion of the glands. This was 


immaterial in these experiments since it was reasonable to assume that both 


glands were affected equally. 
Percentage differences and not absolute differences in weight have been 
used in determining whether there is any significant difference between the 
weights of the two glands of each animal. Obviously this is necessary because 
a few milligrams difference in weight of the two glands is negligible if the 
glands are large but is important if they are small. No attempt has been made 
to correlate the weight of the glands with the age of the cat. Although it 
might be expected that the age of the cat is proportional to the weight of the 
animal, this is not necessarily so since many factors, such as the health and 
diet of the animal, affect the weight. In any case, the weight of almost all the 
cats used in these experiments only varied between two and four kilograms. 


SUMMARY 


1. There was no significant difference between the two sexes with respect 
to the weight of the adrenal glands, the weight of the glands per kilogram of 
body weight, the total amine content of the glands and the percentage of 
noradrenaline in the glands. 
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2. There was a closer relationship between the total amine content of the 
two glands of any one animal when expressed as per gland than when expressed 
as per 100 mg of gland. 

3. There was no significant difference between the percentage of nor- 
adrenaline in the left and in the right adrenal glands. 


The suthore wish to thank Professor G. A. H. Buttle and Dr G. B. West for their advice and 
criticism, Dr K. H. Coward for her helpful discussion of the statistics, and Messrs J. W. Conway 
and J. D. Caisey for skilled technical assistance. 
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THE RESPIRATORY ACTIVITY OF CALVES SUBJECTED 
TO THERMAL STRESS 


By J. D. FINDLAY 
From the Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 30 November 1956) 


The increase in respiratory frequency which occurs when cattle are subjected 
to environmental temperatures exceeding 20° C has been observed by many 

workers (Riek & Lee, 1948a; Findlay, 1950, 1954; Worstell & Brody, 1953; 
- Beakley & Findlay, 1955a). Measurements have been made of respiratory 
volumes in cows under thermal stress by Kibler, Brody & Worstell (1949), 
Kibler & Brody (1950a, 6, 1951), McDowell, Lee, Fohrman & Anderson (1953) 
and Wittke (1955). Some observations on respiratory volumes in calves have 
been reported by Riek & Lee (19485). 

Very much higher respiratory frequencies are attained by calves in thermal 
polypnoea than by cows, the rates often exceeding 220 respirations/min 
(Beakley & Findlay, 19552). Conventional equipment, since it depends on 
mechanical valves and gas meters to measure respiratory volumes, does not 
operate entirely satisfactorily at such high frequencies and often introduces 
substantial resistance into the respiratory pathway. These difficulties are 
overcome in the pneumotachometer described by Nisbet (1956). This instru- 
ment has no mechanical valves and introduces a resistance of only 1 mm of 
water into the respiratory pathway. With it, measurements of the pattern of 
air flow, of respiratory frequency and of minute volume in the calf can be 
made at frequencies of from 30-240 respirations/min. 

The objects of the present study were: (1) to investigate the effect of environ- 
mental temperatures at 20°, at 30° and at 40° C on the respiratory frequency, 
on the volume and on the pattern of air flow in calves; (2) to ascertain the 
relationship in the panting calf of respiratory frequency and volume to rectal 
temperature ; (3) to assess whether measurements of respiratory activity in the 
calf would offer a useful index of tolerance to heat. 

Tolerance to heat, that is, the ability to withstand thermal stress, was 
gauged from the behaviour of the rectal temperature after a given time of 
exposure to heat; the less the increase, the greater the tolerance to heat. Thi: 
criterion has been used in previous studies by Beakley (1953) and by Beakley 
& Findlay (19555). 
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METHODS 


Ten four-month-old Ayrshire bull calves were used; feeding and management were standardized 
(Beakley & Findlay, 19555). Each calf was exposed in a climatic room (Beakley, 1953) for 
approximately 3 hr to temperatures of 20°, 30° and 40°C at an absolute humidity of 17 mg/l. 
Each calf was also exposed to a temperature of 40° C at an absolute humidity of 45 mg/l. Three 
experiments at each condition were performed on each animal. 

Throughout each exposure measurements were made once every 10-15 min of the 
frequency and of minute volume using the pneumotachometer described by Nisbet (1956). Tidal 
volume was obtained by calculation. The instrument was calibrated immediately before and after 
each measurement by means of a reciprocating pump of 940+ 0-5 ml. stroke vetnane. The pattern 
obtained from the pump is shown in Fig. 1a. Respiratory flow patterns (p h ) were 
recorded by connecting the pneumotachometer to an oscilloscope fitted with « recording camera. 

Every 10 min throughout the exposure rectal temperature was measured with the thermo- 
electric thermometer described by Beakley & Findlay (19555). 


RESULTS 


The pattern of air flow 
Fig. 1 shows typical pneumotachograms obtained under the various environ- 
mental conditions. The pattern at an air temperature of 20° C showed a rela- 
tively long period of constant rate of air flow during both expiration and 
inspiration with no expiratory pause. This rectangular pattern is characteristic 
of the calf’s normal breathing and is comparable to the pattern obtained from 
the dog by Morrow & Vosteen (1953). 

As the frequency of respiration increased the period of constant rate of air 
flow diminished, and the pattern of respiration became increasingly pyramidal 
in shape, as may be seen from Fig. 1. When the calf was panting at rates around 
140/min (Fig. le) the pattern was completely pyramidal. This pattern is 
characteristic of the panting calf and is similar to that obtained by Morrow & 
Vosteen (1953) from the dog showing polypnoea after exercise. 


Respiratory frequency, tidal volume and minute volume 

General behaviour. Rectal temperatures, respiratory frequencies, tidal and 
minute volumes averaged for the ten calves at all three temperatures in all 
experiments are given in Fig. 2. In accord with previous observations 
(Beakley & Findlay, 19555) rectal temperatures rose with increasing thermal 
stress, The mean asymptotic values at 20°, at 30° and at 40° C environmental 
temperature were 39-1°, 39-9° and 40-8° C. 

Respiratory frequency increased with increasing environmental temperature, 
reaching asymptotic values after about 100 min at all temperatures. The mean 
asymptotic values at 20°, at 30° and at 40° C were 70, 120 and 145 respira- 
tions/min, and are in agreement with those obtained under comparable 
conditions by Beakley & Findlay (19552). 
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As the thermal stress increased, tidal volume was reduced. This reduction 
was pronounced for the increment of 20°-30° C in environmental temperature, 
the mean asymptotic values being 0-66 |. at 20° and 0-52 1. at 30° C. At 40° C 
environmental temperature tidal volume decreased during the first 75 min of 
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Fig. 1. The effect of environmental temperature on the respiratory air flow pattern (pneumo- 
tachogram) of the calf. In all cases the absolute humidity was 17 mg/l. except in(e) where it 
was 45 mg/l. 


Fig. 2, The mean values of rectal temperature, respiratory frequency, tidal and minute volume 
for ten calves. Each point is the average of three exposures to 20° ( x ), 30° (©) and 40° C (@) 
at a constant absolute humidity of 17 mg/l. 


exposure and then rose to exceed the values obtained at 20° C. This increase 
appeared to be coincident with the attainment of a rectal temperature of 
about 40-5° C. The minute volumes increased with increasing environmenta! 
temperature. At 20° and at 30° C asymptotic values of 44 and 62 |./min were 
attained. At 40° C a final value of 80 1./min was observed. It is apparent from 
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these average results that the increase in ventilation occurring with increasing 
thermal stress is brought about by increasing the respiratory frequency. 
Individual variations. There were wide individual variations in the response 
of the calves to heat. The heat tolerances of the calves, as judged by the 
behaviour of their rectal temperatures, was high in three of the animals. 
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Fig. 3. Typical mean values of rectal temperature, respiratory frequency, tidal and minute 
volume for a heat-tolerant (a) and a heat-intolerant calf (b). Each point is the average of 
three exposures of 20° ( x), 30° (©) and 40°C (@) at a constan absolute humidity of 
17 mg/l. 


After 150 min at 30° C the rectal temperature was only 0-2° C above that at 
20° C: after the same time at 40° C the increase in rectal temperature was 1-2°C. 
In the seven other animals the corresponding increases were 1-1° and 2-4°C. 

_ Typical examples of the behaviour of tolerant and of intolerant calves are 
given in Fig. 3. In a heat-tolerant calf (Fig. 3a) the rectal temperature at an 
environmental temperature of 30° C was only slightly higher than at 20° C, 
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while respiratory frequency increased from about 40 to 65 respirations/min. 
Tidal volume decreased from about 1-0 to 0-75 1. This resulted in a practically 
unaltered minute volume of 45 1./min. At an environmental temperature of 
40° C the rectal temperature was 1-1°C above the value at 20° C. The frequency 
rose to over 130 respirations/min and the tidal volume fell to about 0-41. 
Because of the increase in frequency the minute volume slightly increased by 
about 15 1./min over its value at 20° C despite the reduction in tidal volume. 
The respiratory behaviour of a heat-tolerant calf under increasing thermal 
stress was thus characterized by a large increase in frequency accompanied 
by a large decrease in tidal, volume resulting in only a slight increase in 
minute volume. 

In a heat-intolerant calf (Fig. 3b) the rectal temperature was 1° C higher at 
30° C than at 20° C environmental temperature while the frequency almost 
doubled to 170 respirations/min. Tidal volume decreased only moderately 
from 0-441. to 0-321. but, because of the large increase in frequency, the 
minute volume rose from 401./min to about 541./min. At 40° C environ- 
_ mental temperature the rectal temperature of the heat-intolerant calf (Fig. 35) 


increased rapidly, reaching 42° C in 130 min. There was a rapid rise in fre- | 


quency to about 150 respirations/min accompanied by a fall in tidal volume of 
about 0-28 |. Minute volume increased by only 6 |./min. However, after about 
30 min exposure, there occurred a sudden fall in frequency associated with 
a rise in tidal volume to values much in excess of those obtained at an environ- 
mental temperature of 20° C. As a result the minute volume rapidly increased 
to values around 80 |./min. The respiratory behaviour under thermal stress of 
a heat-intolerant calf is thus characterized by relatively deep and slow 
breathing which one would expect to bring about respiratory alkalosis 
(Bianca, 1955). 

Severe thermal stress. In an atmosphere at 40° C with an absolute humidity 
of 45 mg/l. heat loss from the body by radiation and by convection is virtually 


excluded and evaporative heat loss is very restricted. Consequently, most of | 


the heat produced by the animal is stored (Beakley & Findlay, 1955a, 5). 
When exposed to this severe thermal stress, all the calves, heat-tolerant and 
intolerant alike, behaved similarly, and a typical example of their behaviour 
is given in Fig. 4. During the first 50 min of exposure at 40° C at low humidity 
(17 mg/l.) rectal temperature increased, respiratory frequency rose and tidal 
volume fell as would be expected from the previous experiments. The minute 
volume rose somewhat. On raising the absolute humidity to its high level of 
45 mg/l. the rectal temperature rose rapidly to over 42°C. For about the 
first half of the exposure to high humidity the frequency of respiration con- 
tinued to increase to over 200 respirations/min while tidal volume continued 
to fall and minute volume remained unaffected. There then occurred a sudden 
fall in respiratory frequency and a sharp rise in tidal volume resulting in 
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a markedly increased minute volume. These changes occurred in all the animals 
and were coincident with a rectal temperature of 40-4°-40-7° C. On lowering 
the humidity, while retaining the environmental temperature at 40° C, these 
changes were reversed (Fig. 4). 

Respiratory actwity and rectal temperature. The results from heat-intolerant 
calves (p. 304) and the effect of severe thermal stress on all the calves sug- 
gested that there might be a critical rectal temperature at which the tidal 
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Fig. 4. Typical effect of severe thermal stress on the behaviour of the rectal temperature, respira- 
tory frequency, tidal and minute volume of a calf. The environmental condition within the 
dotted lines was 40° C at an absolute humidity of 45 mg/l. and outside the dotted lines was 
40° C at an absolute humidity of 17 mg/l. 


Fig. 5. The effect of increasing rectal temperature in the conscious calf on the respiratory fre- 
quency, tidal and minute volume. Each point is the mean value obtained for all ten calves 
associated with the given rectal temperature regardless of the environmental temperature at 
which that rectal temperature was obtained. 
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volume of the calf was affected. Averages were therefore calculated from the 
values of respiratory frequency and of tidal and minute volumes associated 
with all values of rectal temperature regardless of the thermal environment in 
which the rectal temperature was attained. These results are given in Fig. 5 and 
it is apparent that at a rectal temperature of 40-5° C there was a large increase 
in tidal volume associated with a decrease in respiratory frequency. Up to 
a rectal temperature of 40-5° C minute volume was increased by increasing the 
frequency of respiration. Beyond 40-5° C the increase in minute volume was 
maintained by increasing the tidal volume, the frequency itive reached 
& maximum. 


DISCUSSION 


The heat-tolerant calf, whose behaviour is given in Fig. 3a, showed during 
the initial period of exposure little difference in rectal temperature when 
the environmental temperature rose from 20° to 30° C, but the respiratory 
frequency increased. Similar increases in frequency, without alteration in 
rectal temperature, were also observed immediately on exposure of any calf to 
temperatures above 30° C. These findings confirm the suggestion, first made by 
Beakley & Findlay (1955a) and substantiated in the work of Bligh (1957), that 
the stimulus for the initiation of an increase in respiratory frequency in the 
calf derives from the peripheral and not from the deep body temperature. 

As the environmental temperature increased the heat-tolerant calves 
reduced their tidal volumes and increased their respiratory frequencies, thus 
avoiding hyperpnoea but maintaining adequate minute volumes. It was 
noticeable that these animals panted in an ‘effortless’ manner compared with 
the heat-intolerant calves. The latter greatly increased their respiratory 
frequencies without markedly reducing their tidal volumes. Consequently, 
their minute volumes increased considerably with increasing thermal stress. 
The panting in these animals was noticeably more laboured than in the others. 
The increased minute volumes ought to have caused an increased evaporative 
loss of heat from the respiratory surfaces. However, since rectal temperatures 
in the heat-intolerant animals rapidly increased, it seems probable that pro- 
duction of heat from the increased activity of the respiratory muscles 
exceeded the respiratory evaporative heat loss. 

It is apparent that measurements of respiratory frequency alone give little 
information concerning the heat tolerance of calves. This confirms observa- 
tions made earlier by Beakley & Findlay (1955a). McDowell et al. (1953) 
concluded that differences in the respiratory activity of cows were the result 
and not the cause of differences in their heat tolerance. The present work 
suggests that in calves the ability to reduce tidal volume with increasing 


thermal stress is associated with high heat tolerance as indicated by rectal 
temperature. | 
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A rectal temperature of 40-5° C seems to be a critical value. When the rectal 
temperature exceeded this value then the minute volume was increased by 
increasing the tidal volume, the frequency having reached a maximum. This 
phenomenon occurred with all the calves. In the anaesthetized calf, too, 
a rectal temperature of 405° C seems to be critical for respiratory activity. 
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Fig. 6. A typical example of the effect of increasing rectal temperature in the anaesthetized calf 
on its respiratory frequency, tidal and minute volume. 


Results from a calf anaesthetized with sodium barbitone and subjected to the 
same environmental changes as the others are given in Fig. 6. The respiratory 
frequency was relatively low and constant while tidal volume was normal and 
constant until a rectal temperature of approximately 40-5° C was exceeded. 
Up to this point minute volume remained constant. At or near a rectal 
temperature of 40-5° C a large increase in minute volume occurred consequent 
upon a large increase in frequency. Tidal volume decreased at the same point. 

These results on the conscious and unconscious animal, taken together, 
therefore suggest that there is a ‘critical’ rectal temperature very close to 
40-5° C at which the minute volume of the calf is affected. In the conscious 
animal, when the frequency approaches maximum values the amplitude of 
breathing is increased, while in the unconscious animal the frequency is far 


from maximal and so is increased. 
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The continued rise in minute volume in the conscious animal at a rectal 
temperature beyond 40-5° C, owing to the increase in tidal air, leads to respira- 
tory alkalosis. Bianca (1955) has shown that similar calves with a respiratory 
frequency in the neighbourhood of 200/min were suffering from mild alkalosis 
due to hyperventilation. The respiratory behaviour of a calf with a rectal 
temperature above 40-5° C suggested that the danger from hyperthermia 
takes precedence over the danger from alkalosis. 

Richet (1898) and Anrep & Hammouda (1933) observed a sudden increase in 
the respiratory frequency of the anaesthetized dog at a rectal temperature of 
41-7° C. In view of the present findings it would be of value to know whether 
the conscious dog has a ‘critical’ rectal temperature of 41-7° C at which respira- 
tory activity is affected, compared with that of 40-5° C for the calf. 


SUMMARY 


1, The pattern of air flow, respiratory frequency, minute and tidal volumes 
of calves subjected to environmental temperatures of 20°, 30° and 40° C at an 
absolute humidity of 17 mg/l. have been investigated with a pneumotachometer. 

2. The pneumotachograms of calves at normal temperature are similar to 
those of dogs. The pneumotachograms of calves in thermal polypnoea are 
similar to those of dogs after exercise, the pattern being pyramidal. 

3. The mean asymptotic values for ten calves subjected to 20°, 30° and 
40° C environmental temperature were: respiratory frequency, 70, 120 and 
145/min; minute volume 44, 62 and about 80 |./min; tidal volume, 0-66, 0-52 1. 
for 20° and 30° C only. 

4. Of the ten calves three were heat-tolerant as judged by slowness of rise of 
rectal temperature with increasing thermal stress. These calves showed large 
increases in respiratory frequency, large decreases in tidal volume and little 
change in minute volume with increasing thermal stress. With the heat- 
intolerant calves there were large increases in frequency, little change in tidal 
volume and large increases in minute volume with increasing thermal stress. 

5. There is a ‘critical’ rectal temperature of 40-5° C in the calf at which 
respiratory activity is affected. Above that temperature in the conscious 
animal the depth of breathing is increased. In the anaesthetized calf the 
frequency of breathing is increased. 

I am greatly indebted to Mr W. Nisbet and Miss 8. McIntyre for their assistance in this work. 
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THE EFFECT OF METABOLIC INHIBITORS ON THE 
ELECTRICAL AND MECHANICAL ACTIVITY OF THE 
SMOOTH MUSCLE OF THE GUINEA-PIG’S 
TAENIA COLI 


By EDITH BULBRING anp H. LULLMANN* 
From the Department of Pharmacology, University of Oxford 
(Received 4 December 1956) 


The rate of oxygen consumption by smooth muscle is normally proportional, 
over & wide range, to the tension produced in isometric conditions (Biilbring, 
1953). Under the influence of 2:4-dinitrophenol (DNP) in concentrations from 
3 x 10-* to 3 x 10-*m the oxygen consumption is increased (Born & Biilbring, 
1955). In the lower part of this range of DNP concentrations there is also some 
slight, though not proportional, increase in tension and spontaneous activity. 
But with higher concentrations of DNP the oxygen consumption may rise to 
more than twice the normal rate, while the muscle tension remains unchanged 
or declines. At the same time the adenosine triphosphate (ATP) content in 
the muscle remains unchanged until, during exposure to high DNP concentra- 
tions, it decreases in parallel with the declining muscle tension. Born (1956) 
found a close parallelism between smooth muscle tension and creatine phos- 
phate content in the absence of glucose or of oxygen. 

In normal conditions any change in tension which the smooth muscle of the 
taenia coli produces is associated with a change in membrane potential, in the 
frequency of spike discharge (Biilbring, 1955) and also with a change in spike 
configuration (Biilbring, 1956, 1957). We have now studied the effect of meta- 
bolic inhibitors on the electrical activity in relation to muscle tension. We 
have found a dissociation of the electrical from the mechanical manifestations 


which may in part account for the disproportion between the rate of meta- 
bolism and the mechanical activity. 


METHODS 
The smooth muscle preparation was the isolated taenia coli of the guinea-pig. A piece measuring 
tm situ 3 mm in length was excised. It was held flat by fixing the underlying circular muscle layer 
to a small Perspex disk (2 x3 mm: described in detail by Biilbring, 1954, though at that time 
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a larger frame was used). The piece was then stretched to 4 or 5 mm length for further immobiliza- 
tion, thereby producing an initial tension which varied in different experiments. The tension was 
recorded with a mechano-electronic transducer valve (R.C.A. 5734) (Talbot, Lilienthal, Beser & 
Reynolds, 1951). 

Neutralized solutions of various substances were either injected, prewarmed, through a coil of 
fine polythene tubing or added to the continuously flowing bathing solution. The solution con- 
tained (mm): 133 NaCl, 4-7 KCI, 1-38 NaH,PO,, 16-3 NaHCO, , 2-5 CaCl,, 0-105 MgCl,, 7-8 glucose, 
and was equilibrated with 95% O, + 5% CO,; the pH was 7-4. The temperature in all experiments 

was 35° C, 


Intracellular electrical records were taken with glass micro-electrodes (Ling & Gerard, 1949) 
filled with 3m-KCl. The outer tip diameter was less than 0-5, the resistance varied from 15 to 
25 MQ. A conventional cathode follower input stage was used (input valve M.E. 1400). Further 


details of the method are described in earlier papers by Biilbring & Hooton (1954) and Biilbring 
(1954, 1955). 


RESULTS 
The normal behaviour 

The normal spontaneous mechanical activity of the taenia coli showed two 
patterns: (i) pendular movements consisting of fast changes in muscle tension 
of the order of several grams and covering a range between 3-5 and 7-0 g 
(Figs. 3, 7), and (ii) a maintained tension of about 5-0 g with small undulations 
of the order of fractions of 1 g (Figs. 2, 8). In preparations which showed large 
excursions of tension, the mechano-electronic transducer could only be used 
at low sensitivity. In those which maintained a fairly uniform tension it 
was possible to increase the sensitivity and then small increments of tension 
could be observed which occurred at the same frequency at which spike po- 
tentials were discharged. 

The frequency of spike discharge was very similar in different preparations, 
usually about 12-13 in 10sec. Higher frequencies (up to 20 in 10 sec) 
occurred at the peaks of tension during pendular activity. Some fibres were 
silent; if they fired, the frequency was never less than 5 in 10sec. Good 
correlation existed between spike frequency and muscle tension. 

The spike height varied mostly between 3 and 15 mV; occasionally larger 
spike potentials were seen, the highest value was 40 mV. Their duration and 
configuration was equally variable, not only in different preparations but also 
from one impalement to another, and from one spike potential to the next, 
recorded in the same fibre (see also Biilbring, 1957). The membrane potential 
measurements showed the same scatter (20-80 mV) as previously reported 
(Biilbring, 1954); the mean was 38-8 mV s.z.M. + 0-56 (394 observations), 


The action of 2:4-dinitrophenol (DN P) 

DNP was administered for periods from 10 to 60 min in concentrations from 
10-°m to 5 x 10m in the bathing solution; or it was given as an injection of 
0-2-0-5 ml. of DNP 10-* to 10-*m into the 2-0 ml. bath. 

Tension. The effect of DNP started immediately on contact with the tissue ; 
the musele tension decreased during the first minute (see Figs. 1, 2.and 4). In 
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some preparations a short rise preceded the fall in tension (see Fig. 3), which 
then continued to decline until the muscle was fully relaxed. With low con- 
centrations of DNP complete relaxation was not always obtained, but sporadic 
developments of tension recurred. The sensitivity of different taenia coli pre- 
parations varied ; some muscles relaxed completely with 2 x 10-°m DNP, others 
required ten times this concentration. 


Fig. 1. Effect of DNP. Records of tension and membrane potential: the time after exposure to 
DNP 2 x 10-*m and after return to normat solution (W) is given with each record. 


Spike frequency. The first effect of DNP on the discharge of spike potentials 
was to increase the frequency. This occurred without exception in all experi- 
ments and with all concentrations used. It was more pronounced if the DNP 
reached the muscle quickly. This increased spike frequency was seen irre- 
spective of whether there was a short transitory rise in tension (Fig. 3) or 
whether there was an immediate fall in tension, which was usual (Figs. 1, 2 
and 4). In Fig. 1 records are shown from a muscle preparation which main- 
tained a fairly steady tension between 6-7 and 7-0 g. After 90 sec exposure to 
DNP 2x 10-*m the tension had fallen to 6 g in spite of an increase in spike 
frequency from 8-4 to 11-4/10 sec, After 10 min exposure to DNP the spike 
frequency was 13-9/10 sec, but the tension had declined to 4g. After the 
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removal of the DNP the tension returned gradually to 7 g, but the increased 
rate of spike discharge was still evident 45 min later. It is interesting to note 
that throughout the exposure to DNP, as during the control periods, each 
spike was followed by a small increment in muscle tension. However, whereas 
in normal solution the tension was maintained, in the presence of DNP the 
individual small tension changes did not summate but, in spite of the fast rate 
at which they followed each other, the total tension declined. This observation 
contrasted with the normal sequence of events in which any increased rate of 
spike discharge was accompanied by an increase in tension due to summation 
of the small increments following each spike (Biilbring, 1957). 


Spikes per 10 sec 


DNP 20 min 


Fig. 2. Effect of 20 min exposure to DNP 5 x 10-*m on membrane potential (A), spike frequency 
(B), and tension (C): (a, b, c indicate groups of observations used for Table 1). 


In Fig. 4 is shown, for comparison, the response of a muscle preparation to 
(a) a dose of histamine, and (b) a dose of DNP. While in (a) spike frequency 
‘and tension rose in parallel, the tension in (0) fell as the rate of spike discharge 
increased, The dissociation is also shown in Fig. 2. Though in Fig. 3 a transitory 
rise in tension accompanied the acceleration of spike discharge, the muscle 
relaxed while the spike frequency was still high. 
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The initial increase of electrical activity by DNP was followed by depression. 
The rate of discharge gradually slowed and rates of less than 5/10 sec, which 
were not seen normally, were now observed. With high concentrations of DNP, 
or long exposure to lower concentrations, spike potentials disappeared com- 
pletely. After washing out they reappeared slowly, returned to the normal 
rate, often after a period of acceleration (Figs. 1, 2). Muscle tension also 
recovered, but usually more slowly than the spike frequency. 


Cc 
5 $F 

5 

t DNP 
35 min 


Fig. 3. Effect of an injection of DNP (at arrow) producing an initial concentration of 5 x 10-*m 
in the bath, on membrane potential (A), spike frequency (B), and tension (C). (a, b, c 
indicate groups of observations used for Table 1.) 


Spike configuration. Recently (Biilbring, 1957) it was found that a correla- 
tion existed between the configuration of spike potentials and muscle tension. 
Thus stimulating substances (e.g. histamine), or direct current depolarization 
which increased the spike frequency, caused a delay of repolarization of the 
individual spike potentials producing spikes of long duration; this was asso- 
ciated with a rise in muscle tension. On the other hand, alow spike frequency 
and fast repolarization, i.e. spikes of short duration, were associated with 
relaxation of the muscle. In the present experiments it was found that DNP, 
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while increasing the rate of spike discharge, also prolonged their duration. 
In Fig. 5 are shown, for comparison, records obtained after an injection 
(a) of a dose of histamine and (6) of a dose of DNP. Both substances increased 
the spike frequency, both increased the duration of the spike potentials and 
produced double spikes. The difference between the two substances (as shown 
in Fig. 4) was, however, that histamine caused a rise but DNP a fall in tension. 


10 43 
8 42 
6 DNP 41 


Fig. 4. Ordinates: spike frequency (©) and tension (@). (a) effect of an injection of histamine 
(initial concentration 1 x 10-*); (6) effect of an injection of DNP (initial concentration 
5 x 10-*). 


When the first phase of stimulation by DNP gave way to the second phase 
of depression spikes were discharged less frequently and the slow depolariza- 
tion leading up to each spike became more and more prolonged. Finally, the 
“prepotentials’ proceeded for as long as 1 sec before spikes were discharged. 
These were of long duration, deformed to plateaus carrying irregular small 
deflexions. Slow waves of about 2 sec duration carrying such abnormal spikes 
sometimes continued for a long time before activity ultimately ceased. Fig. 6 
shows this gradual change in spike configuration progressing during one hour 
exposure to DNP 10-*m. After this time activity ceased altogether except for 
a short burst at 72 min. When the DNP was washed out the effects described 
were reversed and the shape of the spike potentials slowly reverted to normal. 

Membrane potential. The membrane potential varied widely during control 
periods, and there was a similar scatter in the short initial period of excitation. 
No significant change of membrane potential could be detected during the 
first minutes of the action of DNP. Unlike the initial phase, however, the 
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subsequent phase of depression could be prolonged at will in order to obtain 
sufficient measurements. The readings obtained during this period, in which 
there was a much reduced or no spike discharge as a result of the action of 
DNP, were compared with the measurements obtained before and after, as 
indicated in Figs. 2, 3 and 7. The results are given in Table 1, which shows 
a significantly higher membrane potential at the height of the DNP action in 
the three experiments in which the measurements were made with the same 
microelectrode. 


(a) Sp in (b) 


th 


1 sec 


1 sec 


Fig. 5. The effect on spike configuration produced by (a) a dose of histamine (initial concentration 
5 x 10-"); and (b) a dose of DNP (initial concentration 10-*m),. 

The action of DNP in the concentration used in these experiments was 
completely reversible. The membrane potential, the shape and frequency of 
spike potentials and the tension returned to control values, though often only 
after a considerable time. However, a second dose of DNP had always a 
stronger effect than the first. 


The action of sodium azide (NaN,) 

The effect produced by NaN, was similar to that of DNP, but less striking. 
The concentrations investigated ranged from 10-*m in the perfusion fluid to an 
initial concentration in the bath of 5 x 10-*m produced by injection. The lower 
concentrations caused some fall in tension and a decrease of pendular activity. 
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Higher concentrations diminished the tension considerably and stopped spon- 
taneous activity (see Fig. 7). In the majority of preparations NaN, produced 
an increase in the spike frequency and prolonged the duration of the individual 
spike potentials within the first minute of contact with the tissue (see Fig. 8a). 
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Fig. 6. The effect of prolonged exposure to DNP 10-*m on spike configuration. Top row, three 
controls and two records after 1 and 3 min in DNP 10-*m; second row, record obtained every 
min from 4th to 8th min: subsequent times on the left of each record; spike frequency on the 
right of each record. 


Stronger concentrations then stopped spike discharge. During this period the 
mean membrane potential was higher than during control periods before or | 
after (Fig. 7, Table 1). The NaN, effect was completely reversible. 


The action of mono-iodoacetic acid (MIAA) 
The onset of the action of MIAA, unlike that of DNP and NaN,, was slow. 
A typical experiment is shown in Fig. 9. This preparation maintained, in 
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normal solution, a fairly uniform tension. During the exposure to MIAA 
10-*m there was at first only a slight, gradual fall in tension. Then periods of 
relaxation intervened and the muscle became less able to resume its previous a 
tension and to maintain it. After about one hour the muscle relaxed fully. 
MIAA caused no dissociation between electrical activity and tension; on the 
contrary, a good correlation existed throughout between the spike frequency { 


‘ Fig. 
of 
re 
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Tension (g) 
wt ~ 


t NaN, 


65 min 
Fig. 7. Kffect of an injection of NaN, (at arrow) producing an initial concentration of 5 x 10-*™ 
in the bath, on membrane potential (A), spike frequency (B) and tension (C). (a, b, c indicate 
groups of observations used for Table 1.) 


TaBLe | 
Mean membrane potential (mV) +8.z. 

Substance and concentration used (a) Before (b) During (c) After 
DNP 5 x 10-* in bathing solution 33-04 1-43 40-5 + 1-07 34-5+0-99 

(n = 20) (n = 18) (n =29) 
DNP 5 x 10-* by injection 33-44 0-99 44-94 2-97 36-3 + 3-47 

(n= 20) (n = 10) (n= 10) 
NaN, 5 x 10-*m 40-7 + 1:56 53-542-12 39-5 4 1-55 

(n =29) (n = 13) (n = 18) 

(For all differences P< 0-01.) 
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20 sec 30 sec 


10 mV 


10mV 


7 min 


5 min 17 aie 


1 sec 

) Fig. 8. (a) Effect of an injection of NaN, (initial concentration 10-*). (b) Effect of an injection 
of MIAA (initial concentration 5 x 10-*m). First record in both rows before, subsequent 
records at specified times after the injection (at arrow). (Activity stopped 40 min after the 


application of MIAA.) 
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Fig. 9. Effect of MIAA 10-*m on membrane potential (A), spike frequency (B), and tension (C). 
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and the muscle tension. The configuration of the individual spike potentials 
also remained unchanged (see Fig. 8b) though more and more silent fibres were 
encountered. There appeared to be a slight fall in membrane potential. How- 
ever, during 90 min exposure to MIAA 10-*m this fall was not significant, 
though spike discharge had ceased and the muscle was fully relaxed. The 
action of MIAA was irreversible. 
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012345678min 
Fig. 10. Effect of injecting (at arrow) acetylcholine (initial concentration 10-*) on spike frequen 
cy 
(©) and tension (@) (a) before, (6) during exposure to DNP 10-‘m, 20 min from start, 
(c) 45 min from start, (d) 22 min after returning to normal solution. 


The influence of DNP and NaN, on the effect of acetylcholine and histamine 

Fig. 10 shows the effect of the injection of 204g ACh before, during and 
after exposure to DNP. The normal response to acetylcholine (a) was a rise in 
spike frequency and tension. After 20 min exposure to DNP 10-*m, (6), both 
tension and spike frequency were lower than before; acetylcholine still caused 
an increased rate of discharge (from 8 to 22/10 sec), but failed to increase the 
tension. After 45 min exposure to DNP, (c), the spike discharge was zero. 
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Nevertheless, acetylcholine was still able to stimulate, causing a discharge of 
20 spikes/10 sec but no change in tension. When DNP was washed out, 
(d), the injection of acetylcholine produced its normal effect, in spite of the 
fact that neither the rate of spike discharge nor the tension had yet completely 
recovered. 

Similar experiments were done with histamine and the same dissociation 
of electrical activity and tension was observed. In the presence of DNP the 
muscle still responded to histamine with an increase in spike frequency but 
not with an increase in tension. Acetylcholine and liistamine were both able 
to increase the rate of spike discharge in the presence of NaN,, but the 
accompanying production of tension was either reduced or abolished. 


DISCUSSION 

Excitation and inhibition of the smooth muscle of the taenia coli have pre- 
viously been shown to be associated with characteristic electrical changes, 
the tension which the muscle produces being inversely related to the membrane 
potential but directly related to the rate of spike discharge and to the spike 
duration (Biilbring, 1955, 1957). The experiments now described have shown 
that during the exposure to DNP this correlation was abolished. When DNP 
came in contact with the tissue, the spike frequency rose immediately. At the 
same time DNP slowed the rate of repolarization of individual spike potentials, 
thereby prolonging their duration. In spite of this excitation at the membrane, 
the muscle relaxed. 

When histamine or acetylcholine were administered in the presence of DNP 
they were still able to increase the rate of spike discharge, but were unable to 
increase the muscle tension. In low concentrations of DNP they occasionally 
caused an initial rise which soon gave way to relaxation (see Born, 1955) and 
this occurred while the rate of spike discharge was accelerated. Thus DNP 
prevented the translation of membrane excitation into the production of 
tension. Born (1955) found that at the time when the tension had fallen to 
about 25% of the initial maximum (produced in response to histamine) the 
concentration of ATP had only fallen to 75% of the controls, thus not to the 
same extent as the tension. It may be that a small reduction of ATP is 
sufficient for the disruption of a chain of reactions which couples the events at 
the membrane to the contractile mechanism, and that only a further depletion 
in ATP leads to complete cessation of membrane activity (Born & Biilbring, 
1955). 

It is known that the effect of DNP on skeletal muscle is to cause a contracture 
(Cori & Cori, 1936). However, Barnes, Duff & Threlfall (1955) describe an 
experiment (Fig. 3, p. 589) in which DNP 10-*m was applied to the rat 
diaphragm during tetanic stimulation. They found that in the stimulated 
muscle DNP caused relaxation within less than one minute. The taenia coli 
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which is normally continuously active is probably more comparable to the 
activated skeletal muscle than to resting skeletal muscle, and the relaxation 
observed in the rat diaphragm during a tetanus may be analogous to the 
relaxation of the taenia coli during its spontaneously maintained tension or 
‘tone’. 

During the second phase of the action of DNP, when the frequency of spike 
discharge was diminished, the membrane potential rose. As an increased 
membrane potential is normally associated with a decreased spike frequency, 
it may well be that the inhibition of the spontaneous spike discharge during 
the second phase of the DNP effect was the cause for the rise in membrane 
potential, i.e. that the rise was the consequence of inactivity. 

The effect of DNP in first accelerating and then diminishing spike discharge 
was parallel to that on the rate of oxygen consumption described in a previous 
paper (Born & Biilbring, 1955); both these changes were entirely unrelated to 
the changes in tension. This suggests that the initial changes in oxygen con- 
sumption produced by DNP are connected with the energy supply required 
for the ion transport at the membrane rather than with the energy supply to 
the contractile system. 

SUMMARY 

1. The isolated smooth muscle of the guinea-pig’s taenia coli was used to 
study the effect of metabolic inhibitors on membrane potential, spike discharge 
and tension. 

2. The action of 2:4-dinitrophenol was biphasic. Its immediate effect was 
to increase spontaneous electrical activity, accelerating the spike discharge 
and prolonging the duration of individual spike potentials. During the second 
phase of its action DNP depressed spontaneous electrical activity until it 
ultimately ceased. 

3. During the initial phase of membrane excitation by DNP there was a 
fall in muscle tension. Only sometimes, with low concentrations of DNP, 
there was a transient rise in muscle tension which soon gave way to relaxation 
at a time when the spike frequency was still raised. Thus during the first phase 
of its action DNP abolished the normal relation between the events taking 
place at the membrane and the contractile system. 

4. During the second phase of the action of DNP, when electrical activity 
had ceased, the muscle remained relaxed. The effect of DNP was entirely 
reversible. 

5. The action of sodium azide (NaN,) was similar to that of DNP but 
weaker; it was completely reversible. 

6. The effect of mono-iodoacetic acid (MIAA) was different. It caused no 
increase of spontaneous electrical activity and no change in spike configura- 
tion. There was no change in the relation between spike frequency and tension ; 
both gradually declined and were ultimately abolished irreversibly. 
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7. In the presence of DNP and of NaN,, acetylcholine and histamine still 
caused an increase in spike frequency, which was comparable to their effect 
in normal solution, but they failed to produce an increase in tension. 

8. The biphasic effect of DNP on the membrane is discussed. It is parallel 
to and follows the same time course as the biphasic effect on the rate of oxygen 
uptake in smooth muscle. 


We wish to thank Mr O. B. Saxby and Mr D. Groves for their unfailing technical assistance. 
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THE BLOOD CLOTTING FACTORS IN HUMAN SALIVA 


By F. NOUR-ELDIN* anp JOHN F. WILKINSON 


From the Department of Haematology, Royal Infirmary and 
University of Manchester 


(Received 5 December 1956) 


The secretion of saliva in health and disease has been the subject of many 
studies. Although the concentrations of various organic and inorganic com- 
pounds in this fluid have been investigated, nothing is hitherto known of its 
blood clotting activity. In the present work we have determined the nature 
of the blood clotting factors in the saliva of normal subjects and of patients 
with haemophilia or Christmas disease. 


METHODS 


Reagents 

Collection and preparation of saliva. Saliva was obtained without a stimulant and collected in a 
universal container over a period of 20-30 min. This was filtered by means of a Hemmings filter 
(using filter paper Whatman No. 1) which was centrifuged at 2500 rev/min for 10 min. 

Plasma. Piatelet-rich and platelet-poor plasmata were obtained after centrifuging citrated blood 
at 1500 rev/min for 5 min, or 5000 rev/min for 25 min, respectively. The number of platelets in the 
plasma was varied by mixing appropriate volumes of these plasmata. 

Antihaemophilic globulin. This was prepared according to the method of Bidwell (1955). 

Christmas factor. This was separated from normal serum as described by White, Aggeler & 
Glendening (1953). 

Dilute acetone-dried brain extract. Brain thromboplastin suspension was diluted with 0-9% NaCl 
to give a prothrombin time of 19-21 sec when tested on normal plasma. Platelet suspension, 
serum and factor V were prepared as described by Biggs & Macfarlane (1953). A solution was used 
containing 4 mg factor V/ml., imidazole buffer pH 7-3. 


Blood clotting tests 

The various blood clotting activities of the saliva were determined by its effect on each of the 
blood clotting tests. Whole blood and plasma clotting times, plasma prothrombin time and throm- 
bin-fibrinogen reaction were carried out as described in a previous paper (Nour-Eldin & Wilkinson, 
1957). The other tests were carried out as follows: 

Two-stage prothrombin determination. Equal volumes of saliva and dilute acetone-dried brain 
extract were mixed with 1 vol. 0-025 m-CaCl,. At intervals, 0-1 ml.‘of this mixture was added to 
_ 0-4 ml. fibrinogen solution (150 mg/100 ml. 0-9% NaCl) at 37° C. The clotting times of fibrinogen 

were interpreted as thrombin units from a previously constructed curve. 

Thrombin generation test. The procedure used was similar to that described by Pitney & Dacie 
(1953). Equal volumes of saliva, plasma and 0-025 m-CaCl, were mixed at 37° C. The thrombin 

* Research Fellow in Haemophilia, United Manchester Hospitals. 
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generated in the mixture was estimated by its action on fibrinogen as mentioned in the two-stage 
prothrombin determination. A control test using 0-9% NaCl in place of saliva was also carried 
out (Figs. 1, 2). 

- Serum prothrombin consumption index. This was determined according to Merskey (1950). The 
normal index is below 40%, usually below 10%. 

Effect on brain thromboplastin. A diluted solution of acetone-dried brain extract was incubated 
with equal volumes of saliva and 0-025 m-CaCl,. At intervals 0-1 ml. of the mixture was added 
together with 0-1 ml. 0-025 m-CaCl, to 0-1 ml. citrated plasma, and the clotting times recorded. 

The effect of blood clotting factors on the activity of saliva. Saliva was incubated at 37° C with 
equal volumes of the factor to be tested and 0-025 m-CaCl,. At intervals (Table 4), 0-3 ml. of the 
mixture was added to 0-1 ml, citrated plasma and the clotting times recorded. 

Thromboplastin generation test. The basis of this test has been described by Biggs, Douglas & 
Macfarlane (19534) and Biggs & Douglas (1953); namely, the formation of active plasma thrombo- 
plastin requires the presence of Christmas factor, factor VII, antihaemophilic globulin, factor V, 
platelets and calcium ions. In order to determine its activity in this test, saliva was substituted 
for each of these factors (Table 5). 

Factors V and VII. The concentration of these factors in saliva was estimated by its effect on 
the prothrombin time of factor V-deficient and Tromexan plasmata respectively. } 

Clot retraction. The procedure adopted was essentially that described by Macfarlane (1939). 
The retraction of 5 ml. thrombocytopenic blood when mixed with 0-5 ml. saliva was compared with 
a saline control. 


Taste 1. The effect of eslive on the blood clotting time and prothrombin conmmeption, index 
Prothrombin consumption 


Blood clotting time (min) index (%) 

Source of blood Control* Saliva  _—Control* Saliva 
Normal 54 < 10 <10 
Normal 6 < 10 <10 
Haemophilia 16 103 70 
Haemophilia oo 3 100 14 
Haemophilia 24 113 20 
Christmas disease 8 4 25 <10 
ioe disease 30 3 106 10 

mbocytopenia 
(20,000, platelets/mm?) 44 3 50 12 


* In the control tests saliva was replaced by 0:9% NaCl. 


RESULTS 

The effect of saliva on the blood clotting time. A clotting time of 24-4 min 
was obtained when 1 vol. of saliva was mixed with 9 vol. of blood at 37° C. 
Table 1 shows that this result is obtained whether using norma! blood or 
blood from patients with haemophilia, Christmas disease or thrombocytopenia. 
This table also demonstrates that saliva improves (diminishing the index) the 
prothrombin consumption in the blood of these patients. 

The effect of saliva on plasma clotting time. The accelerating effect of saliva 
on the clotting time of plasma is influenced by the platelet content of the latter 
as can be seen in Table 2. When saliva is added to platelet-poor ( < 10,000/mm*) 
plasma from different sources, the results presented in Table 3 are obtained. 
From these results it is concluded that the clotting activity of saliva is 


diminished by a deficiency of factors V, VII or platelets. 
21-2 


‘i 
‘ 
A 
= 
4 
aa 
, 


326 F. NOUR-ELDIN AND J. F. WILKINSON 


The influence of the blood clotting factors on the activity of saliva. The clotting 
activity of saliva was increased when incubated with factor V, platelet sus- 
pension or serum from normal, haemophilic or Christmas disease blood 
(Table 4). Antihaemophilic globulin, Christmas factor, calcium chloride and 
serum from factor VII-deficient blood had no effect. These results confirm 
that the action of saliva is accelerated by platelets and factors V and VII. 

Factors V and VII content. Saliva did not accelerate the clotting activity of 
tissue thromboplastin prepared from acetone-dried brain or correct the one- 
stage prothrombin times of plasmata deficient in factors V or VII. These 


TABLE 2. The effect of platelets on the plasma clotting activity of saliva 
Platelets/mm* plasma Clotting time (sec)* 
29 


400,000 
80,000 304 
40,000 34 
20,000 38 
10,000 41 


* Average of four experiments in each case. 


TaB_e 3. The effect of saliva on the clotting time of platelet-poor plasma 


One-stage Plasma clotting time (sec)t 
prothrombin + 
Source of plasma* time (sec)t 0-9% NaCl Saliva 
Normal 12 146 42 
Normal 12 135 40 
Normal 12 250 37 
Normal 12 150 40 
Haemophilia 12 450 41 
Haemophilia 12 390 394 
Christmas disease 12 330 42 
Factor VII-deficien 17 180 52 
Factor 27 210 60 
Factor VII-deficient 25 210 53 
Factor V-deficient 33 255 63 


* The plasma in each case had a platelet count of less than 10,000/mm’*. 
+ Average of two experiments in each case. 
} Patients receiving Dindevan (2-phenylindane-1:3-dione). 


Tas e 4. The effect of blood clotting factors on the activity of saliva 
Incubation period (min) 


Substances incubated with saliva 0 i 2 4 y 
Clotting time of plasma (sec) 
Platelet suspension 29 24 224 19 20 
Factor V (4 mg/ml.) 38 20 27 26 
Antihaemophilic globulin (1 mg/ml.) 39 28 38 37 38 
Christmas (30 mg/ml). 45 45 45 46 46 
Normal serum 35 27 24 21 19 
Haemophilic serum 35 18 10 84 il 
Christmas disease serum 35 22 18 16 1 
Factor VII-deficient serum* 42 42 42 43 43 
Calcium chloride (0-025 m) 39 39 40 39 39 
* Serum obtained from a patient recei ethyl-bi tate (Tromexan); plasma pro- 
thrombin time 27 sec 12 sec). 
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results denoted that saliva contains neither of these factors. The failure of 
saliva in replacing either factor in the thromboplastin generation test (Table 5) 
supports this finding. 

Prothrombin and thrombin content. Using the two-stage method, no pro- 
thrombin could be detected in saliva. In addition, saliva did not clot either 
citrated plasma (no CaCl, added) or fibrinogen solution after 10 min, thus 
denoting the absence of thrombin activity. Its lack of effect on the thrombin- 
fibrinogen reaction indicated the absence of antithrombin. 


Tass 5. The role of saliva in the thromboplastin generation test 


Substrate 
Mixture Factor clotting time 
no. Reagents incubated with 0-025 m-CaCl,* by saliva (sec) 
1 Normal serum (1:10); factor V (4 mg/ml.); Antihaemophilic 12 
platelet ; saliva globulin 
Saline controlt — 38 
2 Christmas disease serum (1:10); normal Christmas factor 12 
Al(OH),-treated plasma (1:5); platelet 
suspension ; saliva 
Saline controlt _ 39 
3 Normal serum (1:10); normal Platelets 28 
Al(OH),-treated (1:5); 0-9% NaCl 
Saline controlt 29 
4 Christmas disease serum (1: 10); Factor V Antihaemophilic 12 
4 mg/ml. saliva bulin and 
(4 mg/ml.); platelet suspension ; go ) 
Saline controlt 54 
5 Factor VII-deficient serum (1:10); normal Factor VII 21 
Al (OH),-treated plasma (1:5); saliva 
Saline controlt 21 
6 Antihae lobulin (0-5 mg/ml.); Factor V . 22 
saliva 
Saline controlt 224 
7 Normal Al(OH),-treated (1:5); None (control to 10 
normal serum (1:10); suspension ; all experiments) 
0-9% NaCl 


* Equal volumes of reagents were used in the incubation mixture. 
t In the control of each experiment, saliva is substituted by 0-9% NaCl. 
t Patient receiving Tromexan; plasma prothrombin time 19 sec (normal 11 sec). 


Antthaemophilic and Christmas factor activities. The experiments presented 
in Table 5 illustrate the various clotting activites of saliva as determined by 
the thromboplastin generation test. The results of mixtures 1 and 4 demon- 
strate that saliva can be used as a source of antihaemophilic globulin in this 
tect. Similarly, saliva is a good substitute for Christmas factor (mixtures 2 and 
4). On the other hand, saliva is ineffective in replacing platelets or factors V 
and VII (mixtures 3, 5 and 6). In Table 6, the antihaemophilic and Christmas 
fa:‘or activities of saliva are compared with those of plasma and serum. 
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The platelet activity of saliva. Fig. 1 demonstrates thrombin generation in 
platelet-poor and platelet-rich (334,000/mm*) plasmata before and after the 
addition of saliva. Diminished thrombin formation in platelet-poor plasma 


2 


4 6 
Time (min) 
Fig. 1. The effect of saliva on the thrombin generation test in plasma. A, Platelet-rich plasma 
mixed with 0-9% NaCl; B, Platelet-poor plasma mixed with 0-9% NaCl; C, platelet-rich 

plasma mixed with saliva; D, platelet-poor plasma mixed with saliva. 
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Fig. 2. The effect of dilution on the platelet-like activity of saliva as measured by the thrombin 
generation test. 1, undiluted saliva; 2, diluted 1:2; 3, diluted 1:4. 


is corrected on the addition of saliva. The results presented in this figure also 
show that the action of saliva is accelerated by platelets; highest thrombin 
concentration being reached 1 min earlier in platelet-rich plasma (compare 
curves C and D). Fig. 2 demonstrates the effect of dilution on the platelet 
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activity of saliva as measured by the thrombin generation test. Saliva did not 
influence the clot retraction of thrombocytopenic blood. 

Effect of temperature on the activity of saliva. The antihaemophilic and 
Christmas factor activities of saliva were slightly diminished when heated for 
20 min at 50° C. Both activities were destroyed completely at 60° C. On the 
other hand, the platelet activity was not affected by these treatments. 


TaBLE 6, Comparison between the antihaemophilic and Christmas factor activities of saliva, 
plasma and serum in the thromboplastin generation test 


Source of antihaemophilic 
factor* Source of Christmas factort 
Al(OH),- 
Saliva plasma Saliva Plasma Serum 
Dilution Substrate clotting time (sec){ 
Undiluted ll ll 
1:2 13 — 1 nab at 
1:4 1%} 1 ode 
1:5 9 94 
1:8 24 27 
1:10 ll 12 
1:20 — l — 184 10 
1:40 _ 17 — 33 12 
1:80 — _ 144 
* In each experiment equal volumes of factor V solution, normal serum diluted 1:10, platelet 


suspension and saliva (or plasma) diluted as indicated were mixed and then | vol. of 0-025 m-CaCl, 
was added. 

t In each experiment equal volumes of diluted (1:10) Christmas disease serum, diluted (1:5) 
normal Al(OH),-treated plasma, platelet suspension and saliva (or plasma or serum) diluted as 
indicated were mixed and then 0-025 m-CaCl, added. 

{ The activity of thromboplastin produced in each instance was tested after 6 min by adding 
0-1 ml. of the incubation mixture together with 0-1 ml. 0-025 m-CaCl, to 0-1 ml. citrated plasma 
(substrate) at 37° C. 


Individual variations. Saliva specimens obtained from 12 normal subjects, 
42 patients with haemophilia and 6 with Christmas disease and 15 carriers of 
these diseases were examined. Although the antihaemophilic, Christmas 
disease and platelet activities described above were always present, their 
concentration varied from one specimen to another. These variations occurred 
irrespective of the source of saliva and could not be correlated with the type 
or degree of deficiency nor with the age or sex of the individual. It was, how- 
ever, noticed that in any particular specimen all the factors were reciprocally 
affected. Accordingly, the specimens examined were divided into 3 groups, 
each with a range of activity as shown in Table 7. The number of individuals 
belonging to each group is also demonstrated in this table. It is seen that no 
appreciable difference exists between normal subjects, patients or carriers. 

The effect of amylase on the blood clotting tests. Solutions containing amylase 
0-5-5-0 mg/ml. 0-9% NaCl retarded all the blood clotting tests, thus denoting 
that the accelerating activity of saliva was not due to this enzyme. 
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DISCUSSION 
The blood clotting activity of saliva resembles that of adiluteacetone-dried brain 
extract, being equivalent to a combination of Christmas factor, antihaemo- 
philic globulin and platelets (Biggs, Douglas & Macfarlane, 19536). The Christmas 
factor and antihaemophilic potencies but not the platelet activity were de- 
stroyed at a temperature of 60°C, a behaviour similar to that of brain thrombo- 
plastin (Quick, Stapp & Hussey, 1952; White, Aggeler and Glendening, 1953). 

Certain enzymes, particularly trypsin, are known to be capable of inducing 
blood coagulation (Douglas & Colebrook, 1916; Heard, 1917a, 6; Mellanby, 
1935; Tyson & West, 1937). Eagle & Harris (1937) showed that trypsin acted, 
in the absence of calcium, on prothrombin to form thrombin, while papain had 
a direct action on fibrinogen converting it into fibrin. Ferguson & Erikson 
(19394, 6) suggested that trypsin produced a powerful thromboplastin from 
some inactive precursor. Purified amylase was found to inhibit all the blood 
clotting tests. In addition, saliva was inert in the absence of calcium ions and 
had no clotting effect on isolated fibrinogen. These results prove that the 
activity of saliva is not due to amylase or to a proteolytic enzyme. 

The platelet activity of saliva appeared to be different from that of tissue 
thromboplastin or blood platelets. Thus, saliva was a good substitute for 
platelets in the thrombin generation test but ineffective in the thromboplastin 
generation test. This activity seems to be similar to the platelet-like activity 
of serum (O’Brien, 1955). 

The inability of saliva to replace platelets in the thromboplastin generation 
test may be thought to be due to the absence of the platelet factor necessary 
for the formation of plasma thromboplastin (Van Creveld, 1954), but this view 
would not clarify its contradictory behaviour in the thrombin generation test. 
A more probable explanation, however, is deduced when the procedures used 
in the thrombin and throm tin generation tests are compared. It is 
postulated that in order to attain its platelet-like activity, saliva combines 
with a co-factor in the plasma. This hypothetical co-factor is presumed to be 
removed by treatment with Al(OH), and is absent in serum. It thus follows, 
that since the incubation mixture prepared in the thromboplastin generation 
test contains plasma treated with Al(OH), and serum, saliva is deprived of 
this co-factor and subsequently is ineffective as a platelet substitute. 

The clotting activity of saliva obtained from normal subjects did not differ 
from that obtained from carriers of, or patients with, haemophilia or Christmas 
disease (Table 7). The individual variations are most probably due to a dilution 
factor, since the changes in concentration affected the three factors equally. 
Although the relationship between the factors in saliva and those in the circula- 
ting blood is not the subject of this work, it is remarkable that both factors 
V and VII are absent from saliva. 
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TaBe 7, The blood clotting activities of saliva in different individuals 


| Range of saliva activity 
Blood clotting test le B Cc 
Plasma clotting time (sec) 39-45 46-55 57-66 
Thromboplastin generation test* 11-13} 14-17 18-22 
Thrombin generation test 9-12 . 6 3- 54 
(units of mbin)t 
Source of saliva No. of individuals in each group Total 
Normal 6 4 2 12 
Haemophilia 20 16 6 42 
Christmas disease 3 2 1 6 
Carriers (haemophilia and 8 4 3 15 
Christmas disease) 


* Clotting time of substrate in sec. 
t Peak of thrombin produced when saliva is added to platelet-poor plasma (Fig. 2). 


SUMMARY 


1. The blood clotting factors in saliva have been studied. 

2. Antihaemophilic, Christmas factor and platelet-like activities have been 
demonstrated. 

3. As a platelet substitute, saliva is active in the thrombin generation test 
but ineffective in the thromboplastin generation test. The implications of these 
findings are discussed. 

4. No difference in the concentration of the factors was found in specimens 
obtained from 12 normal subjects, 42 haemophilic patients, 6 with Christmas 
disease and 15 carriers of these diseases. 


We wish to thank Messrs 8. Coxon and C. Howe for their technical assistance and the 
Medical Illustration Department, Manchester Royal Infirmary, for their help in preparing the 
figures. 
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THE VOLUME OF THE PITUITARY AND MEDIAN EMINENCE 
| IN STALK-SECTIONED RABBITS 


By H. J. CAMPBELL anv G. W. HARRIS 


From the Department of Neuroendoorinology, Institute of Psychiatry, 
Maudsley Hospital, London 


(Received 10 December 1956) 


Many workers find a disturbance of anterior pituitary function following 
section of the pituitary stalk (see Harris, 1955). A possible explanation of this 
dysfunction is that the operation of stalk section, by interfering with the 
vascular supply of the gland, results in a reduction in volume of pituitary 
tissue and a consequent fall in hormonal output. It is well known that atrophy 
of the neural lobe follows interruption of its nerve supply (see, for example, 
Fisher, Ingram & Ranson, 1938), and several workers have reported a reduc- 
tion in volume of the pars distalis after stalk section (Greep & Barrnett, 1951; 
Barrnett & Greep, 1951; Donovan & Harris, 1956). Volume changes in the 
median eminence of stalk-sectioned monkeys have been mentioned by Magoun, 
Fisher & Ranson (1939). 

The investigation reported here was undertaken to determine quantitatively 
the extent to which the volumes of the median eminence and the several parts 
of the pituitary gland change after section of the pituitary stalk, with and 
without the insertion of a waxed paper plate between the cut ends of the stalk. 


METHODS 


Sixty-one female rabbits of body weight ranging from 2-0 to 3-5 kg were used. Most of these 
animals were used in the experimental studies described by Fortier, Harris & McDonald (1957) 
and by Brown-Grant, Harris & Reichlin (1957). Twenty-one normal rabbits served as controls. 
Twelve rabbits were subjected to simple stalk section by the fronto-temporal approach (group 88). 
Twenty-eight rabbits were subjected to a similar operation and a waxed-paper plate inserted 
bet ween the cut ends of the stalk (group SS +P). In 6 of these 28 animals attempts were made to 
_ cauterize the median eminence, and in another 9 the right internal carotid artery was ligated and 
cut The operative details are given by Fortier et al. (1957). 

All the animals survived for periods of from 48 to 160 days, when they were killed with an 
overdose of pentobarbitone sodium (Nembutal, Abbott Laboratories). The heads were perfused 
with 100 ml. of 1 part of indian ink (‘Mandarin Black’, Winsor & Newton) to 3 parte of distilled 
water through each carotid artery immediately after death. After fixation in 10% formalin, 
decalcification (in equal parts 40% formic acid and 7% sodium formate solution), and 
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dehydration, a block of tissue containing the hypothalamus, pituitary gland and base of the _ 


skull was embedded in low viscosity nitrocellulose and serially sectioned at 2004. The sections 
were stained with haematoxylin and eosin or eosin alone. 

Pituitary volume. The sections were placed successively under a projection microscope fitted 
with a camera lucida to give a linear magnification of twelve times on a tracing surface. The out- 
line of the pituitary gland of each section and the demarcations of the pars distalis, pars intermedia 
and neural lobe (infundibular process and infundibular stem) were traced on graph paper of uni- 
form grade, one whole gland to each sheet. Each gland was traced in duplicate. When all the 
pituitaries in each of the three groups of animals had been traced, the tracings were cut from the 
standard sheets in sets representing the gland from each animal and weighed to the nearest 
0-1 mg. Each whole gland tracing was then cut into its constituent lobes and these weighed 
separately. At no time were the tracings touched by hand, it having been found that such 
manual intervention resulted in a difference of 8-12% between duplicates, whereas with the use of 
forceps the difference was never greater than 5%. To obtain figures for the absolute volumes, 
200 cm* of the graph paper was weighed in duplicate, and a conversion factor calculated after 
allowing for magnification and section thickness. The product of this factor and the weight of 
paper representing a gland gave the absolute volume of this gland in mm’. 

Median eminence volume. An essentially similar method was used. The median eminence was 
taken as co-extensive with the primary plexus of the hypophysial portal vessels. The linear 
magnification in this case was eighteen times and a corresponding conversion factor was 
determined. 


RESULTS 

Histology 
In all 40 operated animals the pituitary stalk was found to be completely 
divided, The median eminence of the tuber cinereum was found to be enlarged 
in the stalk-sectioned rabbits as compared with the normal. This appearance 
was particularly marked in those animals in which a plate had been inserted. 
It was possible to recognize the tissue of the median eminence by its vascular 
pattern, which stood in marked contrast to that of the hypothalamus (see 
Fortier et al. 1957, Pl. I and II). However, the vessels of the median eminence 
differed from the normal pattern of dilated and twisted sinusoids in that they 
consisted of a dense network of fine capillaries. It was surprising that no 
difference was observed in the histological picture shown by the 6 animals 
submitted to cautery at operation. 

Obvious vascular connexions existed between the median eminence and the 
pars distalis of the pituitary in the animals in group SS. In 6 cases these 
regenerated portal vessels were especially marked. In the animals in group 
SS +P the waxed-paper plate was found to be correctly situated between the 
hypothalamus and pituitary gland in every case. Fine capillaries, which con- 
nected the vascular fields of the median eminence and pars distalis, were 
observed in the fibrous capsules of the plates in all except one case. 

The pars distalis of the pituitary appeared well preserved and highly vascu 
larized in all the stalk-sectioned rabbits used in the present study. In one 
other animal, submitted to simple stalk section, an obvious area of fibrosis 
existed in the centre of the anterior lobe. The reason for this exceptional cas: 
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is unknown. In several stalk-sectioned animals the pars intermedia appeared 
thick and hypertrophic. The neural lobe was clearly shrunken although still 
well vascularized, in all operated animals. 


Volumes 
Median eminence. The mean value obtained for the absolute volume of the 
normal median eminence was 0°65 mm.’ In group S88 this was increased by 
50:8 % to 0-98 and in group 88 +P by 106-2% to 1-34 The differ- 
ence between the volume of the median eminence of the normal and the simple 
stalk-sectioned animals (group SS) was significant at the P=0-01 level, and 
that between the normal group and group SS + P was significant at the P=0-001 


Tasxz 1. Absolute and relative volumes of the pituitary and median eminence 
Absolute vol.(mm*; Vol. relative to normal 


mean + 8.8.) gland ; mean + 8.5. 
Normal group (21)* 
Whole gland 24-70 + 1-05 100-04 43 
Pars distalis 16-89 + 0-95 1000+ 5-6 
Pars intermedia 2-60+0-18 1000+ 6-9 
Neural lobe 5-18+0-24 100-04 4-6 
Median eminence 0-65 + 0-04 100-0+ 6-2 
Simple stalk section group (12)* 
ole gland 15-41 + 0-72 62-44 2-9 
Pars distalis 11-40+0-66 67-54 3-9 
Pars intermedia 2-62+0-21 100-84 81 
Neural lobe 1-38+0-11 26-64 2-1 
Median eminence 0-98 + 0-09 150-8 + 13-8 
Stalk section with plate group (28)* 
Whole gland 18-224 1-03 73-84 42 
Pars distalis 14-014 0-92 82-04 5-4 
Pars intermedia 2-88+ 0-19 110-84 7-3 
Neural lobe 1-33 + 0-08 25-74 1-6 
Median eminence 8440-07 206-2 + 10-8 


* Numbers in brackets, number of animals in group. 


TaBLE 2. Comparisons of means of volumes, by Student's ¢ test 


P 

Normal: simple stalk section (31)* 

Pars 3-39 <0-001 

Pars intermedia 0-05 >0-9 

Neural lobe 11-45 <0-001 

Median eminence 3-59 <001 
Normal; stalk section with plate (47)* 

Pars distalis 2-10 <0-05 >0-02 

Pars intermedia 101 >03 

Neural lobe 16-54 <0-001 

Median eminence 7-27 <0-001 
Simple stalk section : , 

stalk section with plate (38)* 

Pars distalis 1-72 <0-1>0-05 

Pars intermedia 0-80 >0-4 

Neural lobe 0-32 >0-7 


Median eminence 2-80 <0-01 
| * Numbers in brackets indicate degrees of freedom. 
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level. In all three groups the median eminence volume was not correlated at 
the P =0-05 level with the volume of the whole, or of any part, of the pituitary 
gland, with the exception of a significant correlation between the volumes of 
the median eminence and neural lobes in the normal control animals. The 
volume of the median eminence of rabbits in group 88+ P was not signifi- 
cantly different whether the median eminence had been cauterized at operation 
or not. On the other hand, the volume of the median eminence of rabbits in 
which the right internal carotid artery had been tied was larger than in the 
uncauterized and unligated rabbits. This difference was just significant at the 
P =0-05 level. 

Whole pituitary gland. The volume of the normal whole pituitary gland was 
24-70 mm.* This was reduced by 37-6% to 15-41 mm* in group SS, and by 
26-2 %, to 18-22 mm* in the 88+ P group. Neither the cauterized animals, nor 
those with ligation of a carotid artery showed any significant difference from 
the rest of the 88+ P group. 

Pars distalis. The volume of the normal pars distalis was 16-89 mm*. In the 
simple stalk-sectioned animals (group SS) this. was reduced by 32°5% to 
11-40 mm*, A reduction of 171% to 14-01 mm*® occurred in group 88+ P. 
The volume of the normal pars distalis was significantly different from that of 
the 8S group at the P=0-001 level, and from that of the 8S+P group at the 
P=0-05 level. There was no significant difference between the pars distalis 
volumes of the SS and 88+P groups. Neither the cauterized animals, nor 
those with ligation of the carotid artery, showed any significant difference in 
the volume of the pars distalis from the rest of the animals in group 88+ P. 
In all three groups the pars distalis volume was correlated with the whole 
gland volume at the P=0-001 level. 

Pars intermedia, The volume of the normal pars intermedia was 2-60 mm*. 
In the simple stalk-sectioned animals (group 8S) this was increased by 0-8 %, 
to 2-62 mm*, and in the stalk-sectioned animals with plate was increased by 
10°8% to 2-88 mm*. There was no significant difference at the P=0-05 level 
between the pars intermedia volumes in any of the groups. The pars inter- 
media volume was not correlated at P=0-05 level with the volumes of the 
whole gland in either the normal or the simple stalk-sectioned animals (group 
SS), but was correlated at the P=9-001 level with the whole gland volume in 
the 8S +P group. 

(e) Neural lobe. The volume of the normal neural lobe was 5-18 mm*. In the 
stalk-sectioned animals (group SS) this was reduced by 73:4% to 1-38 mm’. 
_ A reduction of 74-3 % to 1-33 mm! occurred in the 88+ P group. The difference 
between the normal neural lobe volume and that of the two operated groups 
was' significant at the P=0-001 level. There was no significant difference et 
the P =0-05 level between the neural lobe volumes of the two operated groups. 
The neural lobe volume was correlated at the P=0-01 level with the whole 
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gland volume in the normal animals, but in the operated animals there was no 
such correlation at the P=0-5 level. 

These results, together with statistical details, are summarized in Tables 
1 and 2. 

DISCUSSION 

In the present work it has been found that the whole pituitary gland of the 
adult female rabbit has a volume of 24-7 mm. The volume of the pars distalis 
is 16-9 mm®, of the pars intermedia 2-6 mm?’ and of the neural lobe 5-2 mm’. 
Assuming the specific gravity of the rabbit pituitary to be the same as the 
human (given by Scheele-Wiirzburg (1929) as about 1-054) the weight of the 
rabbit gland and its lobes may be calculated as 26-0, 17-8, 2-7 and 5-5 mg 
respectively. These figures are in good general agreement with those of 
Hammar (1932) who found the weights for the adult female rabbit to be as 
follows: whole gland, 26-3, pars distalis 18-6, pars intermedia 3-3 and neural 
lobe 4-4 mg. 

The whole pituitary gland of the rabbit was found to atrophy to 62-74% 
of its normal volume after stalk section. This atrophy of the gland is due to 
loss of volume of both the pars distalis and the neural lobe. The pars distalis 
of the rabbit pituitary atrophies, after stalk section, to 68-83 °%, of the normal 
volume. Although such atrophy has been mentioned in many accounts, 
measurements of the volume of the remaining tissue has rarely been made. 
Benoit & Assenmacher (1953) give figures which imply a reduction to 
about 70% normal volume of the pars distalis of the drake after cutting 
the portal vessels (‘tractotomy’). Donovan & Harris (1956) reported an 
atrophy of the pars distalis of the ferret to 80-95% normal volume after 
pituitary stalk section. In these studies the animals were not killed until 
several months after operation. It would seem that in three such different 
forms as the rabbit, drake and ferret the atrophy of the pars distalis which 
follows stalk section is of a similar order. As already mentioned, the pars 
distalis tissue of the 40 stalk-sectioned rabbits used in the present study was 
well vascularized and appeared healthy. There was little difference in the 
degree of vascularization of the pars distalis of the simple stalk-sectioned 
rabbits and the stalk-sectioned animals with plates, as judged by the filling of 
the gland with indian ink. In only a single rabbit, not included in the results 
given above, was (simple) stalk section followed by an obvious area of fibrosis 
in the centre of the pars distalis. Such infarction was first observed by 
Lascano-Gonzalez (1935) in the toad. It is now well known that section of the 
pituitary stalk in the rat is followed by a slight and variable area of necrosis 
in the centre of the pars distalis. This butterfly-shaped (in coronal sections) 
area has been repeatedly observed by the present workers during the first few 
days after pituitary stalk section and by 8S. Dumont (personal communication) 
after extensive electrolytic lesions of the median eminence, and has been 
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described and depicted by Westman, Jacobsohn & Hillarp (1943) after stalk 
section, and by Daniel & Prichard (1956) after cautery of the hypophysial 
- portal vessels of the rat. It seems likely that several weeks after operation this 
necrotic area undergoes fibrosis, shrinks and may not be obvious in routine 
histological preparations. Such central necrosis has also been observed by 
Benoit & Assenmacher (1953) and by Shirley & Nalbandov (1956) in birds. 
In the human the area of necrosis appears to be more extensive than in the 


lower mammal, though the findings of different workers are variable. The 


proportion of anterior lobe tissue that undergoes fibrosis has been reported 
as 25°, (Rasmussen 1940); almost complete necrosis (Russell, 1956; G. Ehni, 
personal communication) and about 15% (LeBeau, Perrault & Testard, 
1956, and J. LeBeau, personal communication). In the 40 stalk-sectioned 
rabbits that form the basis of the present report no area of fibrosis was apparent 
in the pars distalis. However, it is likely that the observed atrophy of the 
pars distalis was due to necrosis and later fibrosis of an area in the pars distalis 
that was not observable in the thick (200) sections stained with haematoxylin 
and eosin. A further factor that may be of importance in this respect is the 
systemic arterial supply to the pars distalis of the rabbit, which enters the 
gland on a plane below the stalk and diaphragma sellae (Harris, 1947). This 
vessel would escape injury during stalk section. The extent of the pars distalis 
atrophy was no greater in the rabbits submitted to stalk section with the 
insertion of a plate between the cut ends of the stalk, than in those of the 
simple stalk-sectioned group in which marked regeneration of the hypophysial 
portal vessels was present [similar regeneration has been observed in the 
rabbit by Brooks (1938) and Jacobsohn (1954)]. In this latter group the effect 
of emotional stress on the release of adrenocorticotrophic hormone returned 
several weeks after operation (Fortier et al. 1957). If, as seems likely, this is 
significant of effective portal vessel regeneration, then such regeneration would 
take place only when all necrotic changes are already present in the anterior 
lobe, and it would therefore be reasonable to expect similar degrees of atrophy 
in group 8S and group 8S+P rabbits. Since the volume of the pars distalis 
and the vascularization of the glands are similar in the two groups of animals, 
it is difficult to aseribe the functional deficits of the glands in the rabbits in 
which plates were inserted (Fortier et al. 1957; Brown-Grant et al. 1957) to a 
reduction in blood supply consequent on the operation of stalk section. The 


present findings do not support the view expressed by Barrnett & Greep (1951) 


that any loss of pituitary function after stalk section is the result of ischaemic 
atrophy. Similar deficiencies in anterior pituitary function after stalk section 
with the insertion of a plate have been observed by Harris (1950), de Groot 
(1952), Benoit & Assenmacher (1953), Donovan & Harris (1956) and Shirley 
& Nalbandov (1956), although simple stalk sectién is compatible with appzr- 


ently normal function of the gland (Harris 1950; de Groot, 1952; Donovan & — 
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Harris, 1956). It may also be pointed out that loss of 25%, of the tissue of the 
pars distalis is, in itself, unlikely to result in any signs of hormonal deficiency. 
Smith (1932) showed that in rats 10% of normal anterior pituitary volume is 
sufficient to maintain some ovarian activity and that 30% will maintain full 
sexual functions. Ganong & Hume (1956) report that about three-quarters of 
the anterior pituitary may be removed in dogs without any ensuing endocrine 
abnormality. 

The pars intermedia showed no significant difference in volume between the 
normal and stalk-sectioned groups of animals. Inspection of the sections gave 
the impression that hypertrophy of the pars intermedia had occurred, but 
measurement showed that in only three stalk-sectioned rabbits was this part 
of the gland larger than the largest normal pars intermedia. In all three 
groups distribution about the group mean was symmetrical. These observa- 
tions cast doubt on the reports that imterruption of the hypothalamo- 
hypophysial connexions results in hypertrophy or hyperplasia of the pars 
intermedia. Enlargement of the pars intermedia has been described following 
stalk section (Brooks, 1938; Barrnett & Greep, 1951), hypothalamic lesions 
(Stutinsky, Bonvallet & Dell, 1950; Bogdanove & Halmi, 1953; Greer & 
Erwin, 1956) and transplantation of the pituitary (Etkin, 1941). 

The neural lobe undergoes atrophy to about 26% of its normal volume after 
stalk section. This change is unaffected by the presence of a barrier between 
the cut ends of the stalk. 

The median eminence of the tuber cinereum is one of the three parts of the 
neurohypophysis, the other parts being the infundibular stem and the infundi- 
bular process. Two secretory functions may be attributed to the median emin- 
ence, the liberation into the blood of posterior pituitary hormone, and the 
distribution of a hypothetical neurohumour into the hypophysial portal 
vessels (see Harris, 1955). In the normal adult female rabbit the mean volume 

of the median eminence is 0-65 mm°. This is 11-1 % of the mean volume of the 
- entire neurohypophysis, a figure in close agreement with that given by Magoun 
et al. (1939), namely 13% for the monkey. Magoun et al. (1939) describe an 
apparent hypertrophy (to 130%, of the normal volume) of the median eminence 
after stalk section in the monkey, but suggest that this may not be a true 
enlargement since their operated animals were somewhat older and larger than 
their normal animals. The present study has shown that hypertrophy of the 
median eminence does occur after stalk section in the rabbit (see plates I and IT, 
Fortier e¢ al. 1957), and the figures obtained are of the same order as those 
given by Magoun and his colleagues, namely to 150% of the normal volume 
following simple stalk section. In rabbits subjected to stalk section and the 
insertion of a plate between the cut ends of the stalk, the volume of the median 
elinence was more than twice the normal. Median eminence hypertrophy 
has — depicted, but not described or measured, in the stalk-sectioned 
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ferret (see plates III and IV, Donovan & Harris, 1956); it has been mentioned 
by Benson & Cowie (1956) in the partially or completely hypophysectomized 
rat, and has been observed in the hypophysectomized rabbit (H. J. Campbell 
& G. W. Harris, unpublished). A possible explanation of the hypertrophy of 
the median eminence which follows injury to its connexions with the pituitary 
gland is that secretory material is dammed back to some extent by the 
sequelae of the operation. An accumulation of neurosecretory material 
proximal to the site of stalk section has been reported in lower forms (Stutin- 
sky, 1951, 1954; Hild, 1951; Mazzi, 1954; Benoit & Assenmacher, 1954) and in 
mammals (Stutinksy, 1951; Scharrer & Wittenstein, 1952). Greater than nor- 
mal antidiuretic activity was found in tuber cinereum extracts obtained from 
hypophysectomized animals by Sato (1928) and reaccumulation of antidiuretic 
hormone in the median eminence region 30 days after hypophysectomy was 
described by Lloyd & Pierog (1955). Similarly, the oxytocic activity of the 
tuber cinereum of rats has been found to be increased 5-14 days after hypo- 
physectomy (Moreno, Croxatto, Aliste & Ampuero, 1955). Barrnett (1954) has 
shown that hypophysectomized rats have a greater than normal quantity of 
histochemically demonstrable disulphide groups in the infundibular stalk 
after hypophysectomy. Such groups form part of the molecule of posterior 
lobe hormone(s) (du Vigneaud, Lawler, & Popenoe, 1953; du Vigneaud, Res- 
sler, Swan, Roberts, Katsoyannis & Gordon, 1953). Billenstien & Leveque 
(1955) have demonstrated the reappearance of neurosecretory material in 
larger than normal amounts in neurohypophysial remnants after hypophy- 
sectomy. There would seem to be, then, some grounds for believing that sec- 
tion of the pituitary stalk blocks the pathway of neurosecretory material 
normally flowing to, and liberated into the blood from, the neural lobe. How- 
ever, since the neural lobe undergoes approximately equal atrophy after 
pituitary stalk section, whether a plate is placed between the cut ends of the 
stalk or not, and since the median eminence hypertrophy is twice as great after 


stalk section if a plate is inserted, some other factor would seem to be involved. 


The lesser degree of median eminence hypertrophy which follows simple 
stalk section, associated with marked regeneration of the hypophysial portal 
vessels, might be taken to indicate a relationship between the secretory activity 
of the median eminence and the function of the pars distalis. The re-establish- 
ment of a vascular path between the median eminence and the pars distalis 
may be regarded as a partial re-formation of the channels into which the 
secretory products of the median eminence are normally liberated. However, 
it is felt that further cytological and biochemical studies are necessary before 


any conclusion can be drawn as to the significance of the hypertrophy of the 
median eminence after stalk section. 
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SUMMARY 


1. The absolute and relative volumes of the median eminence and other 
parts of the pituitary gland have been determined in normal rabbits and in 
rabbits subjected to simple stalk section and to a similar operation with a 
waxed-paper plate inserted between the cut ends of the stalk. 

2. Stalk section was followed by a reduction in volume to 62-74% of the 
normal for the whole gland, 68-83% for the pars distalis and 26-27 %/ for the 
neural lobe. The volume of the pars intermedia was } unaffected by stalk 
section. 


3. The difference in extent of atrophy of the pars distalis following simple 
stalk section and stalk section with plate insertion is not statistically signifi- 
cant. It is therefore suggested that anterior pituitary dysfunction following 
stalk section with the insertion of a plate is not due to ischaemic atrophic 
changes of the pars distalis. 

4. The median eminence volume was increased by about 50% after 
simple stalk section, and by about 100% following stalk section with plate 
insertion. 
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THE EFFECT OF PITUITARY STALK SECTION 
ON THE ADRENOCORTICAL RESPONSE TO 
STRESS IN THE RABBIT 


By C. FORTIER,* G. W. HARRIS ann I. R. MCDONALDT 
From the Department of Neuwroendocrinology, Institute of Psychratry, 
Maudsley Hospital, London 


(Received 10 December 1956) 


It is now geneaglly agreed that the hypothalamus exerts a controlling influence 
over the release of adrenocorticotrophic hormone (ACTH) from the anterior 
pituitary gland. Electrical stimulation of various hypothalamic regions have 
been found to result in a lymphopenia or eosinopenia (de Groot & Harris, 1950; 
Hume & Wittenstein, 1950; Hume, 1953; Porter, 1953, 1954) in the rabbit, 
dog, cat and monkey. Also, hypothalamic lesions have been found to abolish 
the adrenocorticotrophic response to stressful or noxious stimuli (de Groot & 
Harris, 1950; Hume & Wittenstein, 1950; Hume, 1953; McCann, 1953; 
Laqueur, McCann, Schreiner, Rosemberg, Rioch & Anderson, 1953; Porter, 
1953, 1954) in the rabbit, dog, rat, cat and monkey. However, it is uncertain 
whether the hypothalamus and its connexions with the adenohypophysis are 
necessary for the mediation of the ACTH response to all types of stressful 
stimuli. Several groups of workers (Cheng, Sayers, Goodman & Swinyard, 
19496; McDermott, Fry, Brobeck & Long, 19506; Fortier, 1951) have found 
that intra-ocular pituitary transplants in the hypophysectomized rat may be 
stimulated to release ACTH by unilateral adrenalectomy and by injection 
of histamine or adrenaline. Fortier (1951) found that such rats did not show 
an ACTH response after exposure to loud sounds or forced immobilization, 
and on these grounds divided stresses into two groups: (1) neurotropic stresses 
(such as loud sounds and forced immobilization), those that elicit ACTH 
discharge by an action solely through the central nervous system; and (2) 
systemic stress (such as administration of adrenaline), which may act by pro- 
ducing chemical or metabolic changes in the general blood stream as well as by 
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an action through the nervous system. The anatomical pathway by which the 
hypothalamus influences anterior pituitary secretion of ACTH appears to be 
the hypophysial portal vessels, which pass from the tuber cinereum down the 
pituitary stalk to the anterior lobe. Electrolytic lesions placed in these vessels 
in the zona tuberalis of the rabbit’s pituitary were found to abolish the lympho- 
penic response to emotional stress (de Groot & Harris, 1950); the return of 
the lymphopenic response to stress in the pituitary stalk-sectioned mouse was 
found to be correlated with regeneration of the portal vessels between the 
stalk ends (de Groot, 1952); and the maintenance of a normal adrenal cortex in 
the hypophysectomized rat bearing a pituitary transplant was observed 
to be dependent on the vascularization of the grafted tissue by the portal 
vessels (Harris & Jacobsohn, 1952). Recent studies made with the electron- 
microscope show no nerve fibres in relation to parenchymal cells within the 
confines of the pars distalis of the pituitary (M. G. Farquhar & J. F. Rinehart, 
personal communication ; 8. L. Palay, personal communication) ; such a finding 
is compatible with the above thesis. The factors controlling anterior pituitary 
| activity have recently been reviewed (Harris, 1955). 

In order to define further the control exerted by the hypothalamus over 
pituitary-adrenal function, and the mechanism whereby this control is exerted, 
a study has been made of the effect, on the adrenocorticotrophic response to 
different stimuli, of dividing the pituitary stalk in the rabbit. The stimuli used 
consisted of procedures calculated to produce (1) predominantly nervous or 
emotional excitation without physical damage (restraint, exposure to cold), or 
(2) tissue trauma or metabolic disturbances (laparotomy, injection of adrena- 
line). A fall in blood lymphocytes at the third hour after the beginning of the 
stressful procedure was taken as a criterion of adrenal cortical activation. As 
a further test of the adrenocorticotrophic response to trauma, the adrenal 
ascorbic acid concentration of the right adrenal gland was compared with that 
of the left gland which had been surgically removed one and a half hours 
previously, 

METHODS 


Adult female rabbits (mainly chinchilla), 2-0-3-5 kg body weight, were used. For 1-2 weeks before 
the initiation of the experiment and until its completion the animals werekept at a constant room 
temperature of 27-28° C and fed on rabbit pellets (M.R.C. diet 18, supplied by A. C. Taylor Ltd.) 
and tap water, ad libitum. The 104 rabbits included in this study fall into the following groups— 
87 non-operated controls, 25 hypophysectomized, 13 pituitary stalk-sectioned (simply) and 29 pit- 
uitary stalk-sectioned with a plate placed between the cut ends of the stalk. In the case of the 
operated animals, experiments were not started until 2-3 weeks from the operation or until the 
body weight had become stabilized. The successive tests of adrenal cortical activity were carried 
out in each animal at two-weekly or longer intervals. Tests of thyroid function, the results of which 
are the subject of a separate paper (Brown-Grant, Harris & Reichlin, 1957), were interpolated. 


Surgical procedures 
Hypophysectomy was performed by the parapharyngeal method of Jacobsohn & Westman 
_ (1940). Basal anaesthesia was induced with Nembutal (pentobarbitone sodium, Abbott 
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Laboratoried, 06-07 ml./kg body wt.), the trachea was intubated with a number 15 French 
gauge rubber catheter and anaesthesia deepened as required with intratracheal ether. Intubation 
of the trachea obviated the need té perform tracheotomy when the pharynx was retracted. A 
head holder mounted on a large ball and socket joint was used for immobilizing and easily orienta- 
ting the head (Text-figs. 1, 2). 

Pituitary stalk section. The frontotemporal approach to the pituitary stalk was used (Westman 
& Jacobsohn, 1940; Jacobsohn, 1954). This method has the disadvantage, compared with the 
temporal route of Harris & Popa (1938) that a larger area of the skull vault is removed, but 
possesses the advantage that the jaw joint is left intact. Since this operation has not been described 
in detail, the procedure used in the present study, slightly modified from that of Jacobsohn, will 


Text-figs, 1, 2. Head holder: Text-fig. 1, view from above; Text-fig. 2, lateral view. The essential 
features of the holder are that it leaves the vault and the base of the skull free for any 
manipulations (as involved in the operations of pituitary stalk section and hypophysectomy), 
and that the head can be placed easily and quickly in any position in the three planes of 
space by means of the ball and socket joint (A). The nose-piece (B) and the incisor-tooth 
socket (C) can be adjusted for rabbits of different size. The fixation bars (D) grip the posterior 
end of the zygomatic arches. 


Anaesthesia is the same as for hypophysectomy. After mounting the head firmly in the holder 
the skin of the scalp is incised in the coronal plane from the posterior end of the right zygomatic 
arch to the mid point of the left temporal crest (Text-fig. 3). The bones of the vault of the skull 
are then exposed bilaterally from the occipital crest to the nasal bones in the antero-posterior 
. plane and between the temporal crests and orbits in the transverse plane. On the left side the 
temporal crest is cleared of muscle and fascia. On the right side the lower posterior border of the 
temporalis muscle is carefully defined, and separated from the post-glenoid venous sinus, and the 
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muscle cut in the vertical plane. Loose sutures through the two ends of the muscle form convenient 
retractors, allowing the bone of the temporal fosga to be cleaned with cotton-wool pledgets, thus 
exposing the attachment of the zygomatic arch to the side of the skull. The bones of the vault of 
the skull are drilled through to the dura with an electric dental drill (number 10) along a line as 
indicated in Text-fig. 4. The loosened skull vault is held with large forceps at the anterior end, 
carefully separated from the underlying dura, and removed. In most cases this can be accomplished 
j without damage to the dura, though in older animals in which the dura is more tightly attached 
to the cranial sutures tears are apt to occur. The dura is picked up with fine watchmakers’ steel 
forceps and incised in a longitudinal plane on either side of the superior sagittal sinus. At this 
stage care is taken to avoid damage to the superior cerebral veins draining into the sinus. Two 
transverse cuts in the dura now allow four dural flaps to be turned over the bone margins to expose 
the upper surface of both cerebral hemispheres with the superior sagittal sinus still remaining 
in situ (Text-fig. 5). The animal’s head is inverted and positioned about 1 ft above the operating 


Text-figs. 3-6. To illustrate the successive stages in the operative procedure used to divide the 
pituitary stalk in the rabbit. Text-fig. 3 shows the positioning of the head in the clamp and the 
skin incision. Text-fig. 4 shows the exposed skull vault and the area of bone removed by drill- 
ing; note that on the right side the drill line extends down towards the zygomatic arch. 
Text-fig. 5 illustrates the exposed cerebral hemispheres after turning back the dural flaps ; 
the surerioy sagittal sinus and the superior cerebral veins draining into it are left intact. 
Yext-fig. 6 shows the view obtained, with the animal’s head in an inverted position after retrac- 
tion of the temporal lobe of the brain. A, optic nerve; B, internal carotid artery with its 

ee orbital branch, C, and the posterior communicating artery, D; E, oculomotor nerve; F, ten- 

torium cerebelli. 
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table. The further stages are performed in a darkened room with head-lamp illumination. Retrac- 
tion of the temporal lobe is carried out with a curved copper retractor and, aided by gravity, the 
right temporal lobe is slowly eased out of the skull and towards the opposite side. The previous 
removal of the left part of the cranial vault makes this latter step possible. The oculomotor and 
optic nerves are the first structures in the pituitary region to come into view and with slightly more 
retraction the internal carotid artery is seen. At this point the retractor is appropriately weighted 
and allowed to hang from the brain, thus freeing both hands of the operator. When full retraction 
is obtained, the field as depicted in Text-fig. 6 is seen. The oculomotor nerve, the upper surface of 
the sella turcica, the internal carotid artery with its orbital and two terminal branches and the 
optic nerve are easily visible. The pituitary stalk runs vertically (as related to the rabbit) on the 
deep aspect of the internal carotid artery and is not clearly visible until it is picked up on a curved 
hook (inserted deep to the carotid) and pulled into view. After tearing the stalk, bleeding is 
negligible. Following this procedure pledgets of cotton-wool are inserted anterior to the carotid 
artery, pushed backwards between the two internal carotid arteries and pulled out posteriorly, 
thus ensuring that all the stalk has been severed. When this has been done the tuber cinereum 
falls away from the sella turcica and a larger area of the upper surface of the pituitary comes into 
view, including the small haemorrhagic point in the diaphragma sellae through which the stalk 
originally passed. It is important to note that with this technique the stalk is cut at the plane of 
the diaphragma sellae. In one group (13 rabbits) a waxed-paper plate was inserted beneath the 
optic nerves and pushed posteriorly between the two internal carotid arteries so that it was finally 
situated beneath the hypothalamus and above the pituitary gland. This plate was then removed 
to allow any regeneration of the portal vessels to occur. In the other groups several procedures were 
adopted in an attempt to prevent regeneration of the portal vessels across the site of stalk section. 
First (14 rabbits), a waxed-paper plate was inserted as above and left in situ. Secondly (6 rabbits), 
attempts were made to destroy the median eminence and primary plexus of the portal vessels 
by means of a d.c. current (usually 3 mA for 1 min) applied to the tuber cinereum with a curved 
platinum electrode; after this procedure the stalk was cut and a plate inserted. Thirdly (9 rabbits) 
the right internal carotid artery was tied in the neck and one week later this artery was exposed 
intracranially, ligated and cut, the pituitary stalk cut, one or both oculomotor nerves removed, a 
piece of warm paraffin wax pressed on to the diaphragma sellae to fill in the depression between 
the two anterior clinoid processes and a large waxed-paper plate inserted under the hypothalamus 
and secured by pressing between the borders of the tentorium cerebelli and the clinoid processes. 

After these measures the head of the animal was restored to the upright position at operating 
table level and the brain allowed to fall back into position. Repair of the cranial defect was per- 
formed with strips of fine polythene film (0-002 in. thickness) which were retained in position 
by loosely suturing the dural flaps over them. Eversion sutures in the skin completed the opera- 
tion. Three doses of Seclomycin (Glaxo Laboratories Ltd, each containing penicillin 100,000 i.u. 
and streptomycin 0-15 g) were administered subcutaneously during the next 48 hr. Approximately 
50% of the animals recovered from the operation and formed suitable preparations for subsequent 
experiments. 

Stimuli 

(la) Restraint. The animals were placed for 3 hr in a restraining clamp as described by Harris 
(1948). 

(16) Cold. The animals were enclosed in a darkened, fan-ventilated box, and exposed to a con- 
tinuous stream of cold air (2-3° C) for a period of 3 hr. 

(2c) Adrenaline. A subcutaneous injection of 0-5 mg of adrenaline in the form of the salt of 
mucic acid (hyperduric adrenaline, Allen and Hanburys Ltd.) was given in the neck region. 

(2d) Laparotomy. A mid-line abdominal incision, extending 10 cm caudally from a point just 
below the xiphisternum, was made under ether anaesthesia. The abdominal viscera moistened 
with saline were exposed to air for a period of 15 min, at the end of which time the incision was 
closed in layers with continuous and interrupted sutures. Three doses of Seclomycin were admini- 
stered subcutaneously during the next 48 hr. 
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Indices of adrenal cortical activity 

Blood lymphocytes. Lymphopenia has been shown to be a valid index for the release of adreno- 
corticotrophic hormone from the anterior pituitary in a variety of experimental animals. This has 
been confirmed in the rabbit by Colfer, de Groot & Harris (1950). Samples of freely flowing 
blood were collected from the marginal vein of the ear (care being taken not to disturb the animal 
unduly) immediately before and 3 br after the initiation of the stimulus. The total white cell 
count was made using the improved Neubauer form of haemocytometer, diluting the blood 
20 times with 1 % hydrochloric acid or 1 % acetic acid tinged with gentian violet, and counting the 
number of cells contained in 0-4 mm* of diluent. The mean count of three separate dilutions was 
determined. The differential count was made by counting 100 cells (stained with Leishman’s stain) 


f 
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, Initial level of lymphocytes per mm? 
Text-fig. 7. To show the relationship between the initial count and the absolute fall of blood 
lymphocytes following injection of adrenaline in normal rabbits. 
r=0-91; ¥ =0-482 +520; = +539. 


on each of three blood smears. A foot-operated electric counting device was used to record the 
number of cells. The average total leucocyte count in 12 normal rabbits was found to be 
10,249 + 309 (s.z.m.), and the absolute lymphocyte count was 72374410. These figures are in 
Close agreement with those of Dougherty & White (1944) and Colfer et al. (1950). The result of 
each test was expressed as the percentage change from the initial level of the absolute lymphocyte 
count. This form of expression of the results has been found to be valid in the case of the eosino- 
penic response to adrenal cortical activation in the rat (McDermott, Fry, Brobeck & Long, 1950). 
Similarly, in the case of the rabbit individual variations in the initial level of blood lymphocytes 
are compensated by a high degree of correlation between the latter and the absolute fall in response 
to a given stimulus (Text-fig. 7). 

Adrenal ascorbic acid. Since the original work of Sayers, Sayers, Liang & Long (1946), adrenal 
ascorbic acid depletion has been accepted as a specific indicator of ACTH-induced adrenal cortical 
activation in the rat. Likewise, we have observed in the rabbit that a depletion of the adrenal 
ascorbic acid concentration occurs in response to stress (unilateral adrenalectomy). This depletion, 
sbsen! in the hypophysectomized animal, is reproduced in the latter by the administration of 
ACTH. In a series of experiments on normal rabbits it was found that there was no significant 


/ difference between the ascorbic acid concentration of left and right adrenals, and that the optimum 
_ time interval for maximum ascorbic acid depletion after stress was 14 br (Text-fig. 8). 
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Left adrenalectomy was performed under ether anaesthesia. The time taken between commence . 
ment of anaesthesia and removal of the gland (using a mid-line abdominal incision) was usually 
3-5 min, although occasionally the procedure took up to 7 min. The gland was rapidly dissected 
free of fat (care being taken not to damage the capsule), weighed on a Stanton analytical balance, 
transferred to a Pyrex test-tube coutaining 40 ml. of 4% trichloroacetic acid and a little acid- 
washed sand, and ground with the flattened tip of a glass rod attached to an electric motor. One and 
a half hours after the beginning of the anaesthesia the animal was killed by the intravenous injec- 
tion of 3-4 ml. of veterinary Nembutal. The right adrenal gland was removed immediately and 
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Text-tig. 8. Comparison of adrenal ascorbic acid concentration in the right and left adrenal glands 
at various time intervals after left adrenalectomy. @, left gland; {¥ right gland; @, 8.z.m. of group. 


treated in the same way as the left. The samples were left during the night in a refrigerator and 
the ascorbic acid concentration of a trichloroacetic acid filtrate was determined by the method of 
Roe & Kuether (1943), as adapted to the adrenal by Sayers, Sayers & Woodbury (1948). A Hilger 
‘Spekker’ photometer, with cuvettes of 2 cm light-path, was used to read the colour intensity at 
540 my. In view of the rather low correlation coefficient between the initial ascorbic acid con- 
centration and the absolute fall (Text-fig. 9), the initial and final ascorbic acid concentration will 
be presented as well as the difference (in brackets) and the percentage fall. 


Histological procedures 

Immediately after death the rabbits were injected with 200 ml. 1:3 indian ink (Mandarin Black, 
Winsor and Newton) through the carotid arteries; the head was then removed, trimmed and fixed 
in 10% formalin (de Groot & Harris, 1950), After complete fixation all heads were decalcified in 
a formic acid and sodium formate mixture (Engelbreth-Holm & Plum, 1951) and dehydrated, and 
a block of tissue containing the hypothalamus, base of skull and pituitary gland was embedded in 
low viscosity nitrocellulose. Serial sections, 200 y thick, were cut and stained with haematoxylin 
and eosin, or eosin alone. These were.examined with special reference to pituitary volume in 
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intact and stalk-sectioned animals, for evidence of portal vessel regeneration in stalk-sectioned 
controls, and for the presence of pituitary remnants in hypophysectomized animals. 
Determination of pituitary volume was performed by the paper-weighing method and forms the 


Absolute fall (ug/100 mg) _ 


initial level (4 g/100 mg) 


Text-fig. 9. Correlation between the initial concentration and absolute fall of the adrenal ascorbic 
acid in a group of 21 normal rabbits 1} hr after unilateral adrenalectomy. 


r= +057; =0-182%+ 15-6; Sy =cy, (1-7*) = + 18-9. 


RESULTS 

Histology 
- (a) Controls. Histological study of serial sections (see Pl. 1, fig. 1) through 
the pituitary region of 21 of the normal control animals confirmed, but did not 
add to, the data presented by Green & Harris (1947) and Harris (1947). 

(6) Hypophysectomized. Eight out of the 25 hypophysectomized rabbits 
were found to have remnants of pars distalis tissue and are termed ‘incom- 
pletely hypophysectomized’. One animal out of the 17 included in the group 
‘completely hypophysectomized’ possessed a fragment of neural lobe tissue 
only. 

(c) Stalk section. The median eminence of the tuber cinereum of animals 
dying within 24 hr of stalk section or hypophysectomy was observed by naked 
eye, and under a binocular dissecting microscope, on many occasions and 
was found to be a red or plum-coloured, hardened nodule. This appearance 
stood in marked contrast to that of the surrounding hypothalamus which was 
white and soft. Examination of serial sections through such a median emin- 
ence revealed that the primary plexus of the hypophysial portal vessels was 
thrombosed. 

M:croscopic examination of the stalk-sectioned animals (all but 7 of which 
lived 80 days or longer) showed the median eminence to be a swollen, bulbous 


_ Struc‘ ure, as compared with the normal. This appearance was more marked in 
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the stalk-sectioned animals with plates. In all cases a high degree of vascularity 
was present, even in those animals in which the median eminence had been 
subjected to electrolytic cauterization at operation. The vascular pattern was, 
however, changed in that it consisted of a dense network of fine capillaries 
instead of the normal large, dilated, looped and twisted sinusoids (see Pls. | 
and 2). 

The pars distalis of the pituitary showed no sign of necrosis or fibrosis and 
was well preserved and highly vascularized in 41 of the stalk-sectioned rabbits. 
In the remaining animal (subjected to simple stalk section) an obvious area of 
fibrosis existed in the central part of the gland. 

The pars intermedia appeared thick and hypertrophied in the stalk-sec- 
tioned rabbits. The neural lobe was found to be markedly atrophic, and the 
pituitary stalk to have been completely sectioned, in all these animals. 

Particular attention was paid to the possibility of regeneration of the 
hypophysial portal vessels across the fibrous region of the site of stalk section 
situated in all cases in the plane of the diaphragma sellae. Of the 11 ‘simple 
stalk-sectioned’ rabbits used for experimental studies, 6 showed marked 
vascular regeneration (Pl. 1, figs. 2-4) in that large vessels, as well as many 
capillary connexions, were seen to connect the median eminence to the pars 
distalis. In 4 others of this group a large number of capillaries connected these 
two structures, whilst in the remaining rabbit (the animal showing the fibrous 
area in the pituitary) regenerated vascular connexions were probably repre- 
sented by large sinusoidal vessels in the area of fibrosis. However, in this 
animal it was impossible to trace direct connexions since the vessels in the 
fibrous tissue were empty of injected ink. In the case of the 29 rabbits sub- 
mitted to ‘stalk section with plates’ (Pl. 2, figs. 5-8) the waxed-paper plate 
was found to be correctly situated between the hypothalamus and the upper 
surface of the pituitary. Both the plate and the flattened wax pellet on its 
lower surface were found to be surrounded by a fibrous capsule in which was 
situated a fine capillary network. This plexus was in most cases in continuity 
with the primary plexus of vessels in the median eminence above, and with the 
pituitary blood vessels below. No apparent communication existed between 
the primary plexus and pars distalis in one animal. In the rest, however, it 
appeared that the vessels in the fibrous capsule surrounding the plate formed a 
meagre and fine capillary communication between the primary plexus and a 
tuft of — situated in the antero-superior pole of the pars distalis. 


Pituitary volumes 
Pituitary stalk section resulted in some atrophy (to 68-83% of the normal 
volume) of the pars distalis and marked atrophy (to 26% of the normal 
volume) of the neural lobe. No significant difference was observed between 
the volumes of these lobes in the animals submitted to ‘simple stalk section’, 
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and ‘stalk section with plate’ with or without median eminence cauterization 
or ligation of the right internal carotid artery. For a more detailed account of 
the effect of stalk section on the volume of the median eminence and pituitary 
gland see Campbell & Harris (1957). 


six 1, The effect of pituitary stalk section on the lymphopenic and adrenal ascorbic acid responses to various stimuli. 
The combined adrenal and ovarian weights (expressed as fresh weight) are also given as are the findings for the 
normal and hypophysectomized controls. The figures represent the means + s.. of the groups; in brackets, number 


of animals in group 
Lymphopenic response to 
—. Ascorbic Combined 
Laparo- _ acid fall adrenal Combined ovarian 
Group Restraint Cold Adrenaline tomy (%) wt. (mg) wt. (mg) 
mal 523448 43-7451 553430 68-7442 250418 47954 25-7 588-5 +4 91-7 
trols (12) (12) (12) (9) (21) (33) (11) 
— +44430 430485 22 40 2029 + 32:2 1305+ 195 
; (13) (6) (4) (7) (9) 
plate 77443 85427 427433 oa” oa 19-1420 27164201 15434 234 
(22) (22) (22) (19) (17) (19) (22) 
10-2 + 6-6 269-9 + 16-3 
am 18-35 days (11) 
(11) 431-2 + 
33-3 + 5-6 — 4 (6) 
53-1 
Yors + 2001 


* Six rabbits with marked portal vessel regeneration. 
+ Four rabbits with less portal vessel regeneration. 


Lymphopenic responses 

(a) Intact controls. Forty-five tests were performed on 16 animals. A 
marked lymphopenia occurred in 44 cases (Table 1). 

(6) Hypophysectomized controls. Since it has been established that the 
lymphopenic response to emotional stress in the rabbit is abolished by hypo- 
physectomy (Colfer et al. 1950), observations were limited to the effects of 
injection of adrenaline and laparotomy. Nineteen tests were performed on 15 
completely hypophysectomized rabbits and 13 tests on 8 incompletely hypo- 
physectomized animals. No lymphopenic response to adrenaline or laparo- 
tomy occurred in the completely hypophysectomized animals, but a signifi- 
cant lymphopenia was observed (except in one test) in the incompletely 
hypophysectomized group. 

(c) Stalk-sectioned animals. ‘With plates.’ Bignificant lymphopenic responses 
(>15%) occurred in 5 out of 22 animals after restraint, in 5 out of 22 after 
exposure to cold, in 20 out of 22 after injection of adrenaline and in 16 out of 
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19 after laparotomy. Considering this group as a whole (Table 1) the lym- 
phopenic effect of restraint and cold was reduced to insignificant levels, whereas 
a significant though reduced lymphopenia resulted from’ adrenaline and 
laparotomy. 

‘Without plates.’ In 11 of these rabbits the lymphopenic response to the 
stimulus of restraint was observed at three different periods (18-35 days, 
43-59 days and 76-86 days) after operation. On the first occasion 4 rabbits 
gave a significant response with a group mean of 10-2% ( + 6-6), on the second 
occasion 10 rabbits responded with a group mean of 33-3 % ( + 5-6), and on the 
third occasion 9 rabbits responded with a mean of 33-5°%, (+ 5:4). 


Adrenal ascorbic 

(a) Intact controls. In 21 tests the mean adrenal ascorbic acid concentration 
fell from a value of 236+ 12 to 178 +14 ug/100 mg adrenal gland (P<0-01), 
1} hr after unilateral adrenalectomy, a fall of 25-0 + 1-8% (see Table 1). 

(b) Hypophysectomized controls. No fall of the adrenal ascorbic acid con- 
centration occurred in either the completely (4) or the incompletely (3) 
hypophysectomized animals tested. The mean initial level was found, in both 
groups, to be significantly higher than in the controls. 

(c) Stalk-sectioned animals. ‘With plates.’ A fall in the adrenal ascorbic 
acid concentration was observed in 16 out of the 17 animals tested. In the 
whole group there was a fall from the mean initial level of 269+20 to 
215 +15 ~g/100 mg adrenal gland (P<0-05). The mean difference (54 +9) 
between the initial and final levels approximates to the corresponding value 
in the controls (58+5), although it appears smaller when expressed as a 
percentage of the initial level (19-1 + 2-0%, compared to 24-941-9% in the 
controls). The mean initial level (269+20) was intermediate to the corre- 
sponding values observed in the intact (236+16) and hypophysectomized 
(328 + 28) controls. There was no correlation between the individual ascorbic 
acid responses and the pituitary volumes in the stalk-sectioned animals. 


Adrenal weights 
The mean combined adrenal weights of the different groups of rabbits are 
given in Table I. It should be remarked that, for reasons of animal accommo- 
dation, it was not possible to maintain the normal control animals in the 
constant-temperature room for the same length of time as the operated 
animals. For this reason the adrenal atrophy following pituitary stalk section 
or hypophysectomy may be less than that represented in Table 1. No rela- 


tionship was observed between regeneration of the hypophysial portal vessels 
and adrenal gland weight. 
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Reproductive organs 

All animals (except 12 intact controls) were placed with a male 48 hr before 
killing. The ovaries and genital tracts were observed post mortem. The average 
ovarian weights of animals in the different groups are given in Table 1. 

(a) Intact controls. Twenty-one intact control rabbits were placed with a 
male 48 hr before killing (the occurrence of mating was not recorded). Of these, 
15 were found to have freshly ruptured follicles after death. Twelve other 
intact controls were killed and their ovaries weighed. One of these latter was 
found to be pseudopregnant and its ovarian weight is not included in the mean 
figure given in Table 1. 

(6) Hypophysectomized controls. The mean ovarian weights of rabbits 
which lived more than 40 days after hypophysectomy are given in Table 1. 
_ There is no significant difference in the ovarian weights of the completely and 
incompletely hypophysectomized groups. 

(c) Stalk-sectioned group. ‘Stalk-sectioned with plate.’ The ovarian weights 
of these animals do not. differ significantly from the completely hypophysec- 
tomized group. 

‘Simple stalk section.’ The average ovarian weight of this group was inter- 
mediate between the hypophysectomized controls and the normal controls. 
The 6 animals showing the greatest degree of hypophysial portal vessel regen- 
eration had a mean ovarian weight of 431-2+72-7 mg, whereas the other 4 
(exeluding the animal with an area of pituitary fibrosis) had a mean ovarian 
weight of 207-°8+20-0 mg. The difference between these two groups was 
significant (P<0-05). The difference between the ovarian weights of the 
6 rabbits with the most marked portal vessel regeneration and that of the 
intact controls was not significant (P >0-2), and the difference between the 
ovarian weights of the 4 animals with less regeneration and the completely 

hypophysectomized controls was significant (P < 0-05). 


Body weight 
There was no significant alteration of the body weight of stalk-sectioned, 
completely or incompletely hypophysectomized animals during the period of 
observation, whereas the intact controls showed an average increase of 550 g 
during the same time interval. 


DISCUSSION 
Section of the pituitary stalk is one of four procedures—the others being 
transplantation of the gland to a remote site in the body, electrolytic or 
surgical destruction of the whole or part of the hypothalamus, and culture of 
the gland in vitro—which have been used to study the function of the pituitary 
gland isolated from the central nervous system. With regard to the adreno- 


corticotrophic, as well as the other activities of the gland, the results yielded 
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by this method have been confusing. Uotila (1939) reported that the adrenal 
enlargement consequent on exposure to cold was not prevented in the rat by 
section of the pituitary stalk. In the hands of other workers this procedure 
equally failed to suppress the adrenal hypertrophy elicited by cold in the rat 
(Barrnett & Greep, 1951) and dog (Keller & Breckenridge, 1947), the cold- 
induced adrenal cholesterol depletion in the guinea-pig (Tang & Patton, 1951) 
and the adrenal ascorbic acid response to unilateral adrenalectomy combined 
with the injection of histamine (Cheng, Sayers, Goodman & Swinyard, 19492) 
or exposure to cold (Fortier & Selye, 1949) in the rat. It has since been shown 
that regeneration of the portal vessels across the site of stalk section occurs in 
the rat (Harris, 1950; Harris & Jacobsohn, 1950), mouse (de Groot, 1952), 
rabbit (Jacobsohn, 1954), ferret (Thomson & Zuckerman, 1954; Donovan & 
Harris, 1956), and monkey (Harris & Johnson, 1950) and it has been suggested 
(Harris, 1948a, 1955) that the re-establishment of this vascular link between 
the hypothalamus and adenohypophysis may account for the persistence of 
the adrenocorticotrophic response to stress. In an attempt to prevent this 
occurrence in the dog, Hume (1952) placed a polythene sheet between the cut 
ends of the stalk and observed, nevertheless, a normal eosinopenic response to 
operative trauma or adrenaline injection. For lack of a detailed histological 
study, in the author’s own words: ‘It cannot be conclusively stated that the 
hypophysial vessels had not regrown’. De Groot & Harris (1950) observed, 
however, that electrolytic lesions placed in the path of the portal vessels (in the 
zona tuberalis of the rabbit’s pituitary) abolished the lymphopenia that 


, normally follows emotional stress, although lesions of a similar nature in the 


centre of the gland had no effect. Likewise, McCann (1953) reported that the 
adrenal ascorbic acid responses to unilateral adrenalectomy or the eosino- 
penia induced by adrenaline were prevented in the rat by extensive electro- 
lytic destruction of the pituitary stalk. 

In the present study the rabbit was chosen as the experimental animal since 
it has a relatively large systemic arterial supply to the pars distalis of the 
pituitary in addition to the portal supply (Harris, 1947). Radical steps were 
taken to prevent portal vessel regeneration. The incidence of such regenera- 
tion, and of any pituitary atrophy following stalk section, was evaluated by a 
final histological study of thick serial sections from indian ink injected material. 
Widely different stressing stimuli, calculated to belong to the neurotropic or 
systemic types (Fortier, 1951), were used. 

In spite of the systemic arterial supply to the anterior lobe of the rabbit’s 
pituitary, stalk section resulted in some atrophy of this gland. The volume of 
the pars distalis was found to be approximately 70-80% of the normal after 
stalk section. This volume of anterior lobe tissue (if left in connexion with the 
pituitary stalk—as judged by the results of incomplete hypophysectomy) 
should be sufficient to maintain normal function of the gland. As expected 
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from the work of Fisher, Ingram & Ranson (1938) and many other workers, 
the neural lobe was markedly atrophic (26% of normal volume). Varying 
degrees of portal vessel regeneration occurred in all but a few animals. The 
significance of this regeneration when it consists of a small number of fine 
capillaries situated in the fibrous capsule around a plate between the stalk ends, 
is unknown. A similar type of regeneration has been seen following stalk 
section in the monkey with the insertion of a plate between the hypothalamus 
and pituitary gland (D. M. Hume, personal communication). The grossly 
enlarged and highly vascularized median-eminence observed in the stalk- 
sectioned rabbits with plates is reminiscent of the findings of Stutinsky (1951) 
and Billenstien & Leveque (1955). The detailed histology and functional 
significance of this structure require further study. 

The stalk-sectioned rabbits showed, in general, a characteristic ACTH 
response pattern to stress stimuli. In those animals in which marked portal 
vessel regeneration was observed (mostly those without plates) a lymphopenic 
response to the neural stimulus of restraint occurred. On the other hand, in 
those animals in which little, or no, portal vessel regeneration occurred, the 
lymphopenic response to the nervous stimuli of restraint or exposure to cold 
was nearly abolished, although the responses to tissue trauma (laparotomy, 
unilateral adrenalectomy) or metabolic disturbance (injection of adrenaline) 
were hardly altered. There would seem, then, to be a correlation between 
regeneration of the hypothalamo-hypophysial neurovascular connexions and 
the return of the ACTH response to stimuli which might be supposed to act 
through the nervous system. 

The persistence of a significant adrenocorticotrophic response to physical 
stimulation, in spite of adrenal atrophy and alteration of the pituitary volume, 
has been previously observed in the case of hypophysectomized rats bearing 
extrasellar pituitary transplants. The pituitary, grafted in these animals 
outside the reach of the portal vessels, underwent a marked involution, charac- 
__ terized by fibrotic invasion of the parenchyma and an increased chromophobic/ 
chromophil cell ratio (Cheng et al. 19495; Fortier, 1952) and failed to maintain 
adrenal weight (Cheng et al. 1949; Fortier, 1951; Fortier & Selye, 1949; Harris 
& Jacobsohn, 1952). It was, nevertheless, shown capable of responding with a 
release of ACTH to the combined stress stimuli of unilateral adrenalectomy 
and histamine injection (Cheng et al. 19496) or unilateral adrenalectomy and 
exposure fo cold (Fortier & Selye, 1949) as evidenced by a fall of the adrenal 
ascorbic acid concentration. The subcutaneous injection of adrenaline, or even 
of hypertonic saline, was reported to result in a significant fall of the blood 
eosinophiles in pituitary-grafted animals (McDermott et al. 19506). It was 
later suggested that the ability of transplants to release ACTH depended on 
the type of stimulation used as a stressing procedure. Fortier (1951) reported 
that hypophysectomized rats bearing intra-ocular pituitary transplants, while 
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still showing an eosinopenic response to so-called systemic stimuli (cold, adminis- 
tration of adrenaline or histamine) failed to give any evidence of ACTH 
release in response to nervous or emotional stimuli (intense sound, immobiliza- 
tion on a board). It was suggested, in view of these findings, that the hypo- 
thalamo-hypophysial pathways are required for pituitary activation in re- 
sponse to neurotropic (nervous or emotional) stress ; whereas the corticotrophic 
effect of systemic stress is mediated through various humoral changes (such as 
variations in the level of circulating adrenal cortical hormones or the dis- 
charge of adrenaline or histamine) acting either independently or concurrently 
on the pituitary to elicit the release of ACTH. Our present findings, which 
illustrate a similar dissociation in the response to different types of stress,* 
support this view, which is also compatible with the loss of the lymphopenic 
response to emotional stress after lesions in the posterior tuber cinereum of the 
rabbit (de Groot & Harris, 1950), and the retention of the eosinopenic 
response to surgical trauma after ventral hypothalamectomy in the dog 
(Keller, Lynch, Batsel, Witt & Galvin, 1954). In contradiction with this in- 
terpretation, however, Hume (1953), working with dogs, and Porter (1953, 
1954), with cats and monkeys, reported that electrolytic lesions placed in the 
median eminence, posterior tuber cinereum or mammillary bodies effec- 
tively prevented the eosinopenia induced by surgical trauma. The eosino- 
penic responses to injection of adrenaline and insulin (Porter, 1953) or the 
adrenal enlargement consequent on unilateral adrenalectomy (Ganong & 
Hume, 1954) were also prevented by this intervention. McCann (1953) like- 
wise reported that massive destruction of the median eminence prevented the 
eosinopenia or adrenal ascorbic acid depletion induced by adrenaline adminis- 
tration or unilateral adrenalectomy in the rat. Lesions restricted to the 
anterior part of the median eminence were found by Hume & Nelson (1955) to 
prevent the rise in concentration of blood ACTH or adrenal vein corticoids 
after surgical trauma. McCann & Sydnor (1955) claimed that lesions inter- 
rupting the supraoptico-hypophysial tract abolished the adrenal ascorbic 
acid response to unilateral adrenalectomy and prevented the rise of blood 
ACTH concentration in adrenalectomized rats subjected to the acute stress 
of ether anaesthesia and bleeding. 

It is difficult to reconcile these latter findings with our own observations in 
the stalk-sectioned rabbit, or with the result seen after pituitary transplanta- 
tion in the rat. The lack of complete histological examination of the pituitary 
region in most of the studies concerned with the effect of hypothalamic lesions 
does not exclude the possibility of interference with the blood supply of the 


maintained in the pituitary-grafted rat (Fortier, 1951) but either abolished or markedly decreased 
in the stalk-sectioned rabbit. As a possible explanation, cold was observed to cause less obvious 
physical disturbance in the rabbit than in the rat. | 


* They differ, however, with respect to the ad rticotrophic effect of cold, reportedly 
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pituitary, and consequent fibrosis of the gland, although the occurrence of 
normal (McCann, 1953) or even increased (McCann & Sydnor, 1955; McCann & 
Brobeck, 1955) adrenal weight under these conditions makes it unlikely. As 
another possible, but equally unlikely, explanation McCann (1953) suggested 
that: ‘A neurohumoral substance is released in the median eminence which 
normally traverses the hypophysial portal vessels and causes release of ACTH. 
In cases of severe stress sufficient amounts of this substance may be released 
to activate the anterior lobe via the general circulation.’ According to this 
view the response of the isolated pituitary would not depend on the nature but 
on the relative intensity of the stimuli, which would, in all cases, act through 
the hypothalamus. The final elucidation of this problem awaits further 
experiment. 

It is of interest that the responses to ‘neural stresses’ recurred, in rabbits 
in which the ultimate histological examination revealed well-marked portal 
vessel regeneration, some 20-40 days after stalk section. It may be that this 
‘vascular regeneration occurs more slowly in the rabbit than in the rat (Harris, 

1950), though this finding may represent differences in the technique of stalk 
section rather than a species difference. 

The adrenal weight probably bears a close relationship to the rate of ACTH 
secretion under resting conditions. The mean combined adrenal weight of the 
stalk-sectioned rabbits (271-6+ 20-1, and 269-9+ 16-3 mg) was considerably 
lower than in the intact controls (479-5 + 25-7 mg), although higher than in 
the completely hypophysectomized animals (202-9 + 32-2 mg) (Table 1). No 
relationship was observed between the incidence of hypothalamo-hypo- 
~ physial vascular connexions and the degree of adrenal atrophy, though such 
has been previously observed in the ferret (Donovan & Harris, 1956). No 
significant correlation was found between anterior pituitary volume and 
adrenal weight, nor between the latter and the lymphopenic responses to 
any stimulus, or the adrenal ascorbic acid response to unilateral adrenalec- 
tomy. 

The ovarian weights of the animals in the different groups showed a direct 
correlation with the presence of vascular connexions between the median 
eminence of the tuber cinereum and the pars distalis of the adenohypophysis. 
The ovarian weight of the 6 stalk-sectioned animals with the greatest degree of 
portal vessel regeneration did not differ significantly from the normal controls. 
Four of these animals accepted the male 48 hr before being killed, and 2 of 
them ovulated. 

In summary, it may be said that the present findings support the view that 
the anatomical structures by which the hypothalamus influences anterior 
pituitary secretion are the hypophysial portal vessels. Permanent interruption 
of these vessels appears to lower the basal rate ot secretion o. ACTH, prevents 
nervous reflex activation of this secretion in response to stress, and abolishes 
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secretion of gonadotrophic hormone. The secretion of this latter hormone 
seems to be entirely dependent on intact hypothalamo-hypophysial connexions, 
whereas a residual secretion of ACTH, which may be modified by certain types 
of stress, remains in the absence of these connexions. 


SUMMARY 

1, The pituitary stalk was divided in 42 rabbits, using a fronto-temporal 
approach. A waxed-paper plate was inserted between the cut ends in 29 of 
these animals. Groups of these rabbits were used for investigating (a) the 
effects of a variety of stress stimuli in activating the pituitary-adrenal axis, 
and (b) the effect of pituitary stalk section on pituitary volume, adrenal gland 
weight and ovarian activity and weight. The results of these observations were 
compared with similar observations in 37 normal rabbits and 25 hypophysec- 
tomized animals. 

2. Examination of thick serial sections through the pituitary region of 
the stalk-sectioned rabbits revealed that regeneration of the hypophysial 
portal vessels had occurred to a marked extent in ‘simple stalk-sectioned’ 
animals, and to a slight and variable degree in ‘stalk-sectioned animals with 
plates.’ 

3. Stalk section followed by little or no regeneration of the portal vessels 
reduced or abolished the lymphopenic response to restraint and exposure to 
cold, but exerted little effect on the response to injection of adrenaline or 
laparotomy or on the adrenal ascorbic acid depletion following unilateral 
adrenalectomy. These findings support the view that environmental stimuli 
may be divided into two types: those that affect ACTH secretion solely by an 
action through the central nervous system, and those that act also by affecting 
the composition of the blood in the systemic circulation. 

4. A correlation was found between the incidence of portal vessel regenera- 
tion and the recurrence of the lymphopenic response to the stress of restraint. 

5. A significant degree of adrenal atrophy was observed to follow pituitary 
stalk section in all animals. 

6. Ovarian atrophy following stalk section was limited to those cases in 
which portal vessel regeneration was effectively prevented. The 6 animals in 
which the greatest degree of portal vessel regeneration occurred showed 
ovaries of normal weight, and 2 of these animals showed the usual reflex 
response of ovulation consequent on coitus. Marked atrophy of the ovaries and 
genital tract was observed in those animals subjected to stalk section in which 
little or no portal vessel regeneration occurred. 

7. These findings are discussed in the light of previous studies on the effect 
of stalk section, pituitary transplantation and hypothalamic lesions. 


Our thanks are due to Mr G. J. Christofinis and Mr 8. A. Renner for their valuable technical 
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Nn 


4 


and the 
the ter 
the An 

Barr 
ho 

BILLE 
fo 

Brow? 

CaMPr 

CHENG 

CHENG 

CoLFrE 

J 

pe Gr 

| pr Gs 

Dono 

Dove 
ENGEI 


PITUITARY STALK AND ACTH SECRETION 361 
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EXPLANATION OF PLATES 


Photomicrographs of mid-line sagittal sections through the hypothalamus, pituitary gland and 
base of skull of rabbits after perfusion of the vascular system with indian ink. All sections 200 u 
thick and stained with haematoxylin and eosin: magnification x15. C., capillary connexions; 
M.B., mammillary body; M.#., median eminence; N.L., neural lobe; 0.C., optic chiasma; P., 
waxed-paper plate; P.D., pars distalis; P.J., pars intermedia; P.P., primary plexus of portal 
vessels; P.V., portal vessels; S., pituitary stalk; W., wax pellet; III, third ventricle. 


Prats 


Fig. 1. Normal rabbit. To illustrate the vascular connexions between the median eminence and the 
pars distalis, and to show the differences in vascular patterns of the pars distalis, pars inter- 
media and neural lobe. 

Figs. 2-4. ‘Simple stalk-sectioned rabbits.’ Note the plane of stalk section at the level of the 
diaphragma sellae, the continuity of the vascular fields of the median eminence and pars 
distalis, the relatively well maintained and highly vascular pars distalis as compared with the 
atrophic neural lobe, and the change in vascular pattern of the primary plexus (compare with 
Fig. 1). 

PLaTE 2 

Figs. 5-8. Stalk-sectioned rabbits with plates. Note the waxed-paper plate intervening between 
the hypothalamus and median eminence above, and the pituitary gland below. In the fibrous — 
capsule surrounding the plate a number of fine capillaries are visible. The anterior lobes are 
well maintained and highly vascular as compared with the neural lobes. The enlarged and 
bulbous median eminence shows a vascular pattern different from the normal, as shown by 
comparison with Pl. 1, fig. 1. It may be seen that the median eminence is also larger than 
that of the simple stalk-sectioned animals (Pl. 1, figs. 2-4). The site of the waxed pellets 
inserted between the anterior clinoid processes in some rabbits is shown in Figs. 5 and 7. 
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THE EFFECT OF PITUITARY STALK SECTION ON THYROID 
FUNCTION IN THE RABBIT | 


By K. BROWN-GRANT, G. W. HARRIS anp 8. REICHLIN* 
From the Department of Neuroendocrinology, Institute of Psychiatry, 
Maudsley Hospital, London, S.E. 5 


(Received 10 December 1956) 


There is much evidence that the central nervous system may influence the 
activity of the endocrine glands; in most cases this influence appears to be 
mediated via the hypothalamus and anterior pituitary gland. A considerable 
body of experimental evidence has accumulated which indicates that this 
control, in the case of the adrenal cortex and gonads, is exercised via the 
hypophysial portal vessels of the pituitary stalk (Harris & Fortier, 1954; 
Harris, 1955a). There is also much evidence of a hypothalamic control of 
thyroid activity. Recent work in this laboratory has been concerned with the 
development of methods for the detailed study of thyroid function in the rab- 
bit (Brown-Grant, von Euler, Harris & Reichlin, 1954; Brown-Grant, Harris & 
Reichlin, 19544, 6). The present paper is concerned with the application of 
these methods to the investigation of the role of the pituitary stalk and portal 
vessels in the control of thyroid activity. The pituitary stalk has been divided 
in rabbits and the animals subjected to tests of adrenocortical (Fortier, Harris 
& McDonald, 1957) and thyroid function. A study of the changes in the volume 
of the pituitary gland and its individual lobes after stalk section was also 
made (Campbell & Harris, 1957). A preliminary report of these findings has 
been given (Harris, 1955). 


MATERIAL AND METHODS , 
Adult female rabbits of mixed breeds (2-0-3-5 kg body weight) were used; the animals were kept 
under the same standard conditions as in the previous studies and were fed on a pellet diet 
(M.R.C, diet no. 18) and tap water ad lib. Thyroid activity was determined by measure- 
ments in vivo of the uptake of "I 48 hr after the subcutaneous injection of a carrier-free tracer 
dose, and measurements of the rate of release of thyroidal radio-iodine in the conscious animal. 
The dose of radio-iodine was usually 3 or 6 uc in normal animals. In hypophysectomized and stalk- 
sectioned animals the dose was increased to as much as 40 yc, in some cases, to compensate for the 
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reduced uptake and to obtain the same absolute thyroid counting rate at 48 hr after injection 
(2000-3000 counts/min) as in normal animals, For further details of the radio-iodine technique an 
earlier publication (Brown-Grant, von Euler e¢ al. 1954) may be consulted. 

The animals subjected to pituitary stalk section are divisible into two groups. (a) ‘Simple 
stalk-sectioned’ rabbits: those in which the pituitary stalk was cut and in which no attempt was 
made to prevent vascular regeneration across the site of section. Post-mortem examination of 
these animals revealed the presence of direct and obvious vascular connexions between the 
median eminence of the tuber cinereum and the anterior lobe of the pituitary. (b) ‘Stalk-sectioned 
rabbits with plates’: those animals in which a plate of waxed-paper was inserted between the cut 
ends of the stalk, and which were found post-mortem to possess no, or only slight, regeneration of 
the hypophysial portal vessels. Details of the operative and histological techniques, and of the 
method of estimating pituitary volumes, are described in the preceding papers (Campbell & 
Harris, 1957; Fortier ef al. 1957). Studies were also made on a group of hypophysectomized 
animals in which the completeness of operation was checked by examination of serial sections 
through the sella turcica. 

The procedure used to produce ‘emotional stress’ was forced immobilization; ‘ physical stress’ 
consisted of laparotomy under ether anae«thesia or, in a few cases, of bleeding (20% of the esti- 
mated blood volume). Details of these procedures and of their effect in normal rabbits are given 
by Brown-Grant, Harris et al. (1954a). 

The following drugs and hormones were used: thyrotrophic hormone (TSH) (Armour Labora- 
tories Ltd., Lot no. R 377157), dissolved in 0-9 % NaCl solution immediately before use; synthetic 
sodium L-thyroxine (THY) (‘Eltroxin’, Glaxo Laboratories Ltd), administered as a fine suspension 
in 0-9% NaCl solution; cortisone acetate (25 mg/ml.) (Merck and Co., Roussel Laboratories Ltd.) ; 
stilboestrol (5 mg/ml. in oil) (British Drug Houses Ltd). Dosage and route of administration are 
given in the relevant sections of the text. __ | 


RESULTS 
Histology 
The stalk-sectioned animals used in the present study fall into two groups: 
14 ‘simple stalk-sectioned’ animals and 34 ‘stalk-sectioned with plates.’ The 
majority of these animals were also used for adrenal function studies and the 
histological findings in all animals of the present groups are similar to those 
previously described and depicted (see Fortier et al. 1957; Pls. 1 and 2). The 
main points may be summarized as follows: (a) the pituitary stalk had been 
completely divided in all cases, (b) the neural lobe of the pituitary showed 
marked atrophy (to about 26% of the normal volume), (c) the anterior lobe of 
the pituitary showed some atrophy (to about 75% of the normal volume; there 
was no significant difference in this respect between the two groups of stalk- 
sectioned rabbits), (d) the pars intermedia showed no significant change in 
volume, though in many cases it appeared thick and wrinkled, (e) the vascu- 
larity of the gland was well maintained and, except in one animal (referred to 
by Fortier et al. 1957), there was no sign of fibrosis or other ischaemic changes. 
The source of the blood supply to the pars distalis in the stalk-sectioned 
animals with plates appeared to be mainly from systemic vessels from the 
internal carotid artery and arterioles from the capsule of the gland. It was 
found difficult to evaluate the significance of fine capillaries in the fibrous 
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capsule surrounding the plate, which possibly formed a meagre vascular con- 
nexion between the median eminence and pars distalis. The simple stalk- 
sectioned rabbits, as also the normal rabbits, showed highly developed vascular 
connexions between the median eminence and the pars distalis, which appeared 
to form a major part of the blood supply to the gland. The changes in volume 
of the median eminence and pituitary gland after stalk section are described in 
detail in a previous paper (Campbell & Harris, 1957). 


The level of thyroid activity in the stalk-sectioned rabbit 
Two indices of the level of thyroid activity were used: (a) the uptake of 
radio-iodine by the thyroid gland 48 hr after the subcutaneous injection of 
131], expressed, after correction for isotope decay, as a percentage of the 
administered dose, and (b) the rate of release of thyroidal radio-iodine expressed 
as the percentage of the gland I content lost per day, which was determined 
directly from the graph of the release curve. Both these measurements were 
made on several occasions on each animal. The averages of the individual values 
for each animal were calculated to provide an uptake and a release index; 
in this way each animal contributed equally to the group mean. 
TaBxe 1, Thyroid activity as measured by the 48 hr uptake of ™I and the percentage loss of 
thyroidal radioactivity per 24 hr in normal, ‘simply stalk-sectioned’, ‘stalk-sectioned with 
plates’ and hypophysectomized rabbits. In brackets, number of animals in groups 


Thyroid activity, 
48 hr uptake Loss %/day 
Normal (24) 22-7 +1-4 18-7 41-5 
Stalk section, no plate (14) 25-0 + 2:8 8741-1 
Stalk section + plate (34) 14-4413 8-7+0-6 
Hypophysectomized (22) 9-1+40-8 3840-5 


Table 1 shows the uptake and release indices for the two groups of stalk- 
sectioned animals and the normal and hypophysectomized controls. It may be 
seen that the stalk-sectioned animals with plates show a reduced level of 
thyroid activity relative to the normal controls. The rate of release of the 
simple stalk-sectioned rabbits is reduced to the same extent, though the uptake 
of this group appeared normal. Both groups of stalk-sectioned rabbits show 
values significantly above the hypophysectomized group. 

Since the volume of anterior pituitary tissue was found to be reduced to 
about 75% of normal in the stalk-sectioned animals, a possible relationship 
between the estimated volume of either the anterior or neural lobe of the 
pituitary gland and the uptake or release index in any one stalk-sectioned 
animal was examined graphically. No such correlation was observed. Simi- 
larly, there was no obvious relationship between these indices for thyroid 
activity and adrenal weight in the stalk-sectioned rabbits. 
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The experimental modification of thyroid activity in the stalk-sectioned rabbit 

The rate of release of ™*I-labelled hormone from the thyroid gland is a 
measure of the rate of secretion of thyroid hormone, if the total gland content 
of hormone remains constant. Over the period of a single ‘release curve’, 
variations in hormone content can be neglected, and measurement of the rate 
of release of ***I gives a direct index of the rate of hormone secretion, i.e. of 
thyroid activity (Brown-Grant, von Euler e al. 1954). The effects were 
investigated of thyroxine, emotional and physical stress, stilboestrol and, in a 
few instances, of cortisone. It appeared probable, on the basis of previous work 
(Brown-Grant, von Euler ef al. 1954; Brown-Grant, Harris et al. 1954a, b; 
Brown-Grant, 1955) that these stimuli are effective in the normal rabbit by 
virtue of changes brought about in the rate of pituitary TSH secretion. Where 
the response to such stimuli is abolished by section of the pituitary stalk, the 
conclusion is reinforced that these stimuli act via the hypothalamus and pitu- 
itary gland. If, however, such stimuli are found to affect thyroid activity after 
effective stalk section, it is necessary to exclude a direct effect on the thyroid 
gland and possible changes in the sensitivity of the thyroid gland to TSH 
before it can be concluded that such stimuli act directly on the pituitary gland. 
In addition to experiments on stalk-sectioned rabbits, certain other experi- 
ments relevant to the considerations discussed above will be described. The 
groups of stalk-sectioned animals tested comprised 14 without plates and 
34 with plates. 

The effect of thyroxine. The dose of thyroxine used was 100 yg injected 
subcutaneously or intraperitoneally. No difference was seen in the response of 
normal animals injected by these two routes; the effect was a prompt (within 
12 hr), complete (reduction to a rate of 1 %/day or less) and reversible inhibi- 
tion of the release of thyroidal “I. The duration of the response in 7 normal 
rabbits was 54—120 hr, with an average value of 83 + 10s.z.m. Thirty-four stalk- 
sectioned rabbits with plates were tested in 49 experiments; 40 positive re- 
sponses were obtained, 4 equivocal responses and 5 negative ones. Every 
tabbit tested gave a clear positive response on at least one occasion ; the charac- 
teristics of these responses differed from those obtained in normal animals 
only in their duration (Fig. 1). An average value of 100 hr+6 (s.z.M. of 40 
experiments) was obtained, which is rather longer than in normal animals. 
Positive responses were obtained in animals with doubtful or absent portal 
vessel connexions, Three rabbits subjected to simple stalk section were similarly 
tested with thyroxine and all three responded. 

It appears, therefore, that thyroxine can reduce the level of thyroid activity 
in stalk-sectioned rabbits as judged by the effect on the rate of release of 
thyroidal 47, To determine whether this effect is brought about by a direct 
action on the pituitary to reduce the level of TSH secretion, experiments were 
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performed on completely hypophysectomized animals. In 15 experiments on 
8 animals the injection of 100 wg of thyroxine had no effect on the rate of 
release of thyroidal 4**I in 14 experiments (Fig. 1) and an equivocal effect in 
1 experiment. In this dosage thyroxine does not further reduce the already 
low rate of release in the hypophysectomized rabbit. There is thus no evidence 
for a direct effect on the thyroid of the rabbit at this dose level. 


3000 
1004 g 
_— thyroxine (a) Rabbit 367; normal, 
4pc 3. xi. 53 

3000 
E 
$ 2000 (b) Rabbit 773; 
3 ‘stalk section with plate’, 
3 Tec 28. iv. 54 
1000 


3000 (c) Rabbit 544; D 
133 
2000 Ope 1, 13. vii. 53 
0 200 
Time (hr) 


Fig. 1. The effect of thyroxine (100 ug subcutaneously) on its cate of cileun of thyroidal ™ I: 
(a) normal rabbit, (5) ‘stalk-sectioned rabbit with plate’, (c) hypophysectomized rabbit. 


The effect of thyroxine on the response of the rabbit thyroid to exogenous 
TSH was investigated. Eight hypophysectomized animals, 1 stalk-sectioned 
and 1 normal animal were used in 11 experiments (2 experiments were per- 
formed on one of the hypophysectomized animals). The spontaneous rate of 
release of #*1I was very low in each case. The procedure was as follows. After 
an initial control period, a subcutaneous injection of TSH was given. There 
was a prompt discharge of "I from the thyroid, lasting 18-24 hr, followed by a 
return to the previous slow rate of release. The fall in "I content was deter- 
mined from the graph and expressed as a percentage of the content at the time 
of the TSH injection. After a further control period a second injection of the 
same dose of TSH was given 6-24 hr after the administration of thyroxine, 
and the magnitude of the fall in 44] content determined as before. Finally, a 
third control injection of TSH was given and the response determined in all 
experiments but one. One experiment is illustrated in Fig. 2 and details of all 
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experiments are given in Table 2. The response to TSH plus thyroxine should 
be compared with the average of the preceding and subsequent responses to 
TSH alone, as there may be a progressive decline in the response of the rabbit 
to repeated injections of TSH (Brown-Grant, Harris et al. 19546). In order to 
‘compare the responses of the group as a whole, the initial response in each case 


Thyroxine 
2000 - TSH TSH 
Img 1 mg 1mg 


Rabbit 682; 
- ‘stalk section with plate’, 
Sac 4, 28. xi. 53 


Neck counts per min 


150 
Time (hr) 
Fig. 2. The effect of TSH administration alone and of TSH administration after thyroxine 

on a rabbit after ‘stalk section with plate’. 
é 

TaBLE 2. The response of the thyroid to exogenous TSH with and without thyroxine 

(%) 


0 


2nd injection 
TSH; interval — — 
Rabbit Dose of Dose of after thyroxine Control After THY Control 
no. TSH (ug) thyroxine (yg) (hr) 1 2 3 
561 N* 250 75, 25, 100 68, 54, 23 22-0 10-2 12-9 
6828S 1000 100 24 28-0 28-0 21-0 
70LH 100 100,100 59, 11 11-7 0-0 10-7 
738 H 100 10 12-7 10-5 73 
740H 100 100 6 19-0 14-5 13-0 
803 H 100 100 ll 12-5 75 
818H 100 100 6 9-5 3-3 6-3 
818H 10,000 100 7 39-7 37-8 
823 H 5,000 100 8 45-3 33-2 13-8 
834H 1,000 100 8 21:2 23-4 18-9 
842H 1,000 100 8 26-1 31-0 20-3 


* N, normal; H, hypophysectomized; SS, stalk-sectioned. 


was taken as 100% and the second and third responses expressed as a per- 
centage of this, The average response to TSH plus thyroxine was 72°5% + 10-7 
(S.z.m.); the average of the responses to the first and third doses of TSH was 
83-1°% + 3-0 (s.2.m.). Thyroxine in this dosage has no significant effect on the 
response of the rabbit thyroid to exogenous TSH. 
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It appears, therefore, that thyroxine produces a decrease in the rate of 
release of 151] in the rabbit after effective stalk section by a direct effect on the 
anterior pituitary to decrease the rate of TSH secretion. 

The effect of laparotomy or haemorrhage. Laparotomy, haemorrhage, or the 
intraperitoneal injection of turpentine have been shown to produce a rever- 
sible inhibition of short duration of the release of "I in the rabbit. In a 
previous study 4 normal rabbits showed a complete inhibition of release for 
29, 30, 44 and 46 hr following laparotomy, and 6 other animals showed 
inhibitions of 24~48 hr after haemorrhage (Brown-Grant, Harris ef al. 19542). 


Rabbit 777; 
‘stalk section with 
Laparotomy plate’, 
3000 | 139), 13. vii. 54 
E 
2 
0 100 200 
Time (hr) 
Fig. 3. The effect of laparotomy on the rate of release of thyroidal “I in a rabbit after 
‘stalk section with plate’. 


In 15 rabbits (stalk-sectioned with plates) on which laparotomies were per- 
formed during a release curve, an inhibition similar in characteristics to that 
seen in normal rabbits was produced in 12 instances (Fig. 3); 2 responses were 
equivocal and 1 negative. Two rabbits were bled; 1 showed a normal response 
and 1 no response. The average duration of the 12 positive responses to laparo- 
tomy was 39 hr+4 s.z.M., and to haemorrhage 36 hr. Three laparotomies 
during release curves were performed on 3 completely hypophysectomized 
rabbits. Two showed no response and the other a response of doubtful signifi- 
cance. A direct effect of laparotomy on the thyroid does not seem likely. 

The effect of laparotomy on the response to exogenous TSH was investi- 
gated in 5 normal rabbits; the animals were injected with 50 yg of thyroxine 
subcutaneously at 0 hr of the release curve and every 48 hr thereafter for the 
duration of the experiment. The suppression of endogenous TSH resulted in a 
flat release curve, and the effect of a standard dose of TSH (220 ug U.S.P. 
equivalent in 0-2 ml. saline subcutaneously) was determined as described in 
the previous section. The response to TSH alone and TSH administered 
50-70 min after the end of a laparotomy was determined. The experimental 
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design and the responses obtained are shown in Table 3. The response to TSH 
plus laparotomy was 48-5%, of the response to TSH alone. 

The fact that laparotomy reduces the rate of release of thyroidal I in 
stalk-sectioned rabbits, but has no effect on the rate of release of I in the 
hypophysectomized rabbit, suggests a direct action on the anterior pituitary 
gland to reduce TSH secretion. However, laparotomy appears to interfere 
with the action of exogenous TSH administered 1 hr after the trauma, by 
reducing the response of the thyroid by half. While the present findings are 
inconclusive, it seems probable that in addition to this peripheral interference 
with the action of TSH, it is necessary to postulate a decrease in pituitary TSH 
secretion to explain the complete inhibition of the release of I observed to 
follow laparotomy in normal and stalk-sectioned animals. 


Tasux 3. The effect of laparotomy on the response to exogenous TSH (200 yg) in normal rabbits 
treated with 50 ug thyroxine subcutaneously every 48 hr. Responses are given in the order 
of performance. (L), TSH 1 hr after laparotomy; all TSH injections 24 hr after preceding 
injection of thyroxine. 

Response: gland’s ™*I discharged (%) Response to TSH with 


Rabbit laparotomy as % of 
no I 2 3 response to TSH 
1 13-1 4-2 (L) 18-5 32-0, 22-5 
2 14-3 7T9(L) 55-0 
3 1-6 (L) 11-7 0-0 (L) 13-5, 0-0 
4 110 8-4 (L) 12-4 76-0, 67-5 
5 12-2 (L) 10-0 —- 122-0 


The effect of restraint. Forced immobilization was found to produce a 
temporary decrease in the rate of release of thyroidal **I in 21 out of 23 experi- 
ments on 19 normal rabbits (Brown-Grant, Harris et al. 19544). The thyroid 
response to restraint was determined in 52 experiments on 33 rabbits (stalk- 
sectioned with plates). The results of 7 experiments were equivocal and have been 
discarded; the other results are given in Table 4. Twenty-two of the 33 
rabbits failed to respond to the restraint stimulus. Similar tests were applied on 
13 occasions to 13 rabbits subjected to simple stalk section. One result was 
equivocal and has been discarded; the other results, given in Table 4, stand in 
contrast to those obtained in stalk-sectioned animals with plates (see Fig. 4). 

The effect of stilboestrol. Relatively large doses of natural or synthetic 
oestrogenic compounds have been shown to produce a reversible inhibition of 
the release of thyroidal I in normal or gonadectomized male or female 
rabbits. Oestrogens do not interfere with the response of the thyroid gland to 
exogenous TSH (Brown-Grant, 1955). 

Eight normal female rabbits were injected with 5 mg stilboestrol in 1 ml. oil 
subcutaneously. In 6 cases the release of "I was reduced to less than 1 %/day 
and strikingly reduced in the other 2 for periods of 30-140 hr (average 
76 + 14 s.u.m.). The effect of similar injection of stilboestrol was tested in 
28 experiments on 21 rabbits (stalk-sectioned with plates). Three responses 
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were equivocal and have been discarded, the other responses are shown in 

Table 4. Only 4 rabbits responded. Eleven rabbits that had been submitted 

to simple stalk section were injected with stilboestrol: 6 showed thyroid 

inhibition (Table 4). Out of the 10 stalk-sectioned animals that responded to 

stilboestrol, only 2 failed to respond to the restraint stimulus. 

Taste 4. Thyroid inhibitory responses of ‘stalk-sectioned rabbits with plates’ to laparotomy, 
restraint and injection of stilboestrol, and of ‘simply stalk-sectioned’ rabbits to restraint and 
stilboestrol. 


No. of Total 
Stimulus rabbits expts. Inhibition No effect 
Stalk section + plate Laparotom 13 13 12 1 
Stilboestrol 20 25 4 21 
Stalk section—no plate Restraint 12 12 Eee 1 
Stilboestrol 6 6 
Rabbit 1065; 
‘simple stalk section 
11 
2000 3yc 24. vi. 55 


Rabbit 777; 
“stalk section 
’ with plate’, 
Tye 27. v. 54 
6 
250 
Time (hr) 


Fig. 4. The effect of restraint after ‘simple stalk section’, 
and after ‘stalk section with plate’. 

The effect of cortisone. Cortisone (5 or 10 mg twice daily subcutaneously) 
reduces the rate of release of thyroidal "I to less than 1°%/day in normal or 
adrenalectomized animals. At this dose level there is no significant decrease 
in the thyroid response to exogenous TSH (Brown-Grant, Harris et al. 19545). 
Cortisone (10 mg twice daily) was administered to 5 stalk-sectioned rabbits 
while the rate of release of “I was determined. In each case there was a 
prompt and complete temporary inhibition of the rate of release of ™ I, 
identical to that seen in normal animals. 
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DISCUSSION 


Measurements of the uptake and the rate of release of 41I by the thyroid 
provide indices of the level of thyroid activity in the rabbit (Brown-Grant, 
von Euler et al. 1954). The hypophysectomized rabbit shows a striking reduc- 
tion in the 48 hr uptake, and in the rate of release, of “I. Rabbits subjected 
to stalk section with plates showed evidence of reduced thyroid activity as 
judged by both methods, but not to the level of the hypophysectomized 
animals. The smaller group of stalk-sectioned animals without plates showed 
a rate of release of thyroidal ‘I that was identical with the stalk-sectioned 
animals with plates, but no significant change from the normal in the 48 hr 
uptake. Since other factors than thyroid activity may influence these indices, 
it is not possible to use either as representing the absolute level of thyroid 
function. However, it would appear that the thyroid activity of effectively 
stalk-sectioned rabbits is intermediate between that of normal and hypophy- 
sectomized animals. These findings are in agreement with the majority of 
studies in which some criterion of thyroid activity has been measured after 
pituitary stalk section or pituitary transplantation. Uotila (1939) found the 
thyroid gland of pituitary stalk-sectioned rats to be histologically normal. 
However, lack of good control procedures for assessing hypophysial portal 
vessel regeneration leaves this finding open to doubt (see Harris, 1955a). Other 
workers (including Westman & Jacobsohn, 1938; Westman, Jacobsohn & 
Okkels, 1942; Schweizer & Long, 1950; Barrnett & Greep, 1951; Harris & 
Jacobsohn, 1952) have found that separation of the pituitary fromthe hypo- 
thalamus, by stalk section or transplantation, results in histological signs of 
thyroid atrophy. Greer, Scow & Grobstein (1953) observed that pituitary 
transplants in hypophysectomized mice did not maintain the thyroid weight 
above the level of hypophysectomized controls but found an uptake of “I per 
unit thyroid weight and a thyroid/serum iodide ratio of two-thirds the level of 
the intact controls. Donovan & Harris (1956) working on stalk-sectioned 
ferrets, found that effective stalk section resulted in a thyroidal uptake of 
431] of about one-third normal, though stalk section with portal vessel regenera- 
tion did not decrease the uptake below normal. von Euler & Holmgren (19566) 
estimated the secretion rate of the thyroid gland in hypophysectomized rabbits 
bearing pituitary transplants and found a reduced rate as compared with 
normal, although they also point out that the rate of release of thyroidal ™*I 
is higher in the grafted than in the hypophysectomized control animals. 

The effects of various procedures known to influence the rate of release of 
thyroidal 48*I were investigated in stalk-sectioned animals. 

Injection of thyrowine. All the stalk-sectioned animals tested responded to 
injection of thyroxine with thyroid inhibition. This response was obtained in 


animals in which no apparent vascular connexions existed between the median 
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eminence and pars distalis, and in these and other stalk-sectioned rabbits the 
inhibition following a given dose of thyroxine seemed to be more prolonged 
than in normal animals. At this dose level thyroxine had no effect on the rate of 
release of thyroidal "I in hypophysectomized animals and did not signifi- 
cantly alter the thyroid response to TSH (see also von Euler & Holmgren, 
1956a). This finding strongly suggests that a rise in the blood concentration of 
thyroid hormone affects TSH secretion by a direct action on the pars distalis 
of the pituitary. It is therefore confirmatory of similar conclusions drawn by 
von Euler & Holmgren (1956a, 6), who made micro-injections of thyroxine 
directly into the pituitary gland and tuber cinereum of conscious rabbits, and 
who studied the ability of thyroxine to inhibit the thyroid gland in hypophy- 
sectomized rabbits bearing ocular pituitary transplants. The effect of reduced 
levels of thyroxine has been studied by other workers and there exists a 
number of observations indicating that the increased TSH secretion which 
occurs under these conditions is dependent upon the integrity of various areas 
of the hypothalamus and upon certain hypothalamo-hypophysial connexions. 
Brolin (1947) observed that the appearance of thyroidectomy cells in the pitui- 
tary was prevented by stalk section in the rat. Also in the rat Uotila (1940) 
and Barrnett & Greep (1951) found stalk section did not abolish thyroid 
hypertrophy after partial thyroidectomy or propylthiouracil feeding, respec- 
tively. However, it should be pointed out that some regeneration of the 
hypophysial portal vessels may have occurred in these experiments. Large 
anterior hypothalamic lesions in the rat (Greer, 1951, 1952; Bogdanove & 
Halmi, 1953) prevent the usual goitrogenic response to propylthiouracil feed- 
ing, as does transplantation of the pituitary to the anterior chamber of the 
eye in the mouse (Scow & Greer, 1953). Anterior hypothalamic lesions in the 
rat also prevent compensatory hypertrophy in partially thyroidectomized 
rats (S. Reichlin, unpublished). This evidence suggests that the hypothalamus 
is involved in the growth response of the thyroid gland to a lowered concentra- 
tion of thyroid hormone in the blood. On the other hand, the increase in the 
thyroid: serum (T/S) ratio for which follows propylthiouracil feeding in 
normal animals is not dependent upon the hypothalamus or its connexions 
(Greer, 1951, 1952; Bogdanove & Halmi, 1953; Scow & Greer, 1953). The 
dissociation of the growth response, and the increase in T/S ratio seen in 
animals with hypothalamic lesions treated with propylthiouracil, have been 
attributed at least in part to a potentiation of the action of TSH by the 
goitrogen (Halmi & Spirtos, 1954; Vanderlaan & Caplan, 1954). That this is 
not the full explanation, however, is indicated by the fact that a similar dis- 
sociation has also been observed in rats with anterior hypothalamic lesions 
which have been subjected to partial thyroidectomy (S. Reichlin, unpublished). 
On the basis of the dissociation between the growth and TSH responses of the 
thyroid, Greer (1951) has postulated the existence of two thyroid-stimulating 
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pituitary hormones, one controlling the concentration of iodine by the gland 
and the other the growth of the gland. Greer’s suggestion that the secretion of 
the hormone concerned with thyroid growth is controlled by the nervous 
system is substantiated by the recent studies mentioned above. His claim for 
a separate hormone concerned with the iodine-concentrating mechanism is less 
easy to evaluate. The early assumption that the sole action of goitrogenic 
drugs is via a change in the thyroid hormone concentration in the blood is 
almost certainly erroneous (see discussion by Halmi & Spirtos, 1954). Further, 
the T/S ratio, which is undoubtedly influenced by the level of TSH stimula- 
tion of the thyroid (Vanderlaan & Greer, 1950), may also be affected by many 
other factors (Halmi, Spirtos, Bogdanove & Lipner, 1953; Wollman & Scow, 
1953, 1954a, 6; Vanderlaan & Caplan, 1954). Until these aspects of thyroid 
function are better understood, the results obtained by goitrogen treatment 
and the use of T/S ratio in studies designed to elucidate the hypothalamic- 
pituitary control of thyroid function are difficult to interpret. 

The question has been raised of an action of thyroxine on thyroid activity, 
independent of the pituitary gland. Cortell & Rawson (1944) claimed that in 
the rat thyroxine reduced the response of the hypophysectomized animal to 
exogenous TSH as judged by the acinar cell height and 24 hr I pick-up. 
Rawson & Money (1949) showed that large doses of iodine had a similar effect. 
Overbeek, Fokkens, Querido, de Visser & Canninga (1953) also found a depres- 
sion of 1 uptake and a decrease in the response to exogenous TSH in the 
hypophysectomized rat fed on iodo-casein. Conversely, Chapman (1941), and 
more recently, Goldberg, Greep & Nay (1953) have described increased thyroid 
activity in the hypophysectomized rat maintained on a diet low in iodine. 
Eartly & Leblond (1954) found no change in the thyroid weight resulting from 
thyroxine injections in hypophysectomized rats. In the present work no 
direct effect of thyroxine on thyroid activity in the hypophysectomized rabbit 
was seen, and no significant alteration in the response to exogenous TSH was 
seen. It seems likely that under physiological conditions the major action of 
thyroxine on the thyroid is mediated via the anterior pituitary. 

Laparotomy. This procedure resulted in an inhibition of the release of 
thyroidal 4] in 12 out of 13 rabbits subjected to stalk section with plates. 
Since some evidence was obtained that laparotomy results in a reduced re- 
sponse to exogenous TSH in normal rabbits it cannot be stated that the whole 
inhibitory effect of such trauma is due to an action on the pituitary. However, 
the fact that the thyroid inhibition following laparotomy is complete and may 
persist for 40 hr suggests that a reduction in pituitary TSH secretion is the 
main factor underlying this response. 

Restraint and stilboestrol. Since stalk-sectioned rabbits with plates were 
clearly capable of responding to injection of thyroxine with an inhibition of 
thyroid activity, and to laparotomy both with a decrease in thyroid activity 
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and an increase in adrenocortical activity (Fortier et al. 1957) the simple 
stalk-sectioned rabbits were not tested with these stimuli. However, the 
operation of stalk section with plate insertion largely abolished the inhibitory 
effect of emotional stress or injection of stilboestrol. Histological examination 
of the pituitary region in these animals revealed the presence of capillaries in 
the fibrous capsule around the plates, and since the significance of these vessels 
was unknown a group of rabbits was tested in which the pituitary stalk had 
been cut but no precautions taken to prevent portal vessel regeneration. 
Eleven out of 12 of these animals responded with thyroid inhibition following 
the restraint stimulus, and 6 out of 11 responded to injection of stilboestrol. 
Histological examination of the pituitary region in the rabbits in this group 
revealed the presence of marked vascular regeneration between the median 
eminence and pars distalis. There would seem to be a good correlation between 
the regeneration of portal vessels across the site of stalk section and the restora- 
tion of the responses to emotional stress and stilboestrol. 

Cortisone. Administration of cortisone was found to depress thyroid 
function in the stalk-sectioned rabbits with plates as in the normal rabbit. 
It has previously been shown that at the dose of cortisone used there is no 
significant decrease in the thyroid response to exogenous TSH in the rabbit 
(Brown-Grant, Harris et al. 19546). However, a direct effect of cortisone on the 
thyroid gland cannot at the present time be excluded, although the major 
action of this steroid on thyroid function would appear to be mediated by an 
effect on TSH secretion by the anterior pituitary gland. A similar conclusion 
has been reached by von Euler & Holmgren (19566) after a study of the effect 
of cortisone on thyroid activity in hypophysectomized rabbits with intra- 
ocular pituitary transplants. 

A comparison may be drawn between the type of stress stimuli which 
evoke adrenal cortical excitation (Fortier et al. 1957) and thyroid inhibition 
in the rabbits subjected to stalk section with plate. In both cases the effect of 
an emotional stress is greatly reduced, though the effect of stress involving 
physical trauma appears little changed. These findings are consistent with the 
hypothesis of Fortier (1951). 

It is of interest to speculate why the anterior pituitary gland, divorced from 
hypothalamic control by effective stalk section, maintains a higher degree of 
thyroid activity than is seen in a normal animal subjected to an emotional 
stimulus. One possible explanation is that the hypothalamus can exert both 
an inhibitory and an excitatory effect on the anterior pituitary release of 
TSH. An excitatory effect has recently been demonstrated to follow electrical 
stimulation of the hypothalamus in unanaesthetized rabbits (Harris & Woods, 
19564, 6). 

Portal vessel regeneration across the site of pituitary stalk section (when no 
precautions are taken to prevent regeneration) occurs more slowly and is less 
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effective in restoring normal anterior lobe function in the rabbit than in the rat 
(Harris, 1950) or ferret (Donovan & Harris, 1956). It seems likely that the 
reason for this lies in the operative technique used in these three forms. In the 
rat and ferret the stalk was divided at about its mid point where it lies in the 
subarachnoid space. In the present study the pituitary stalk of the rabbit was 
divided at its point of emergence through the diaphragma sellae. Stalk section 
at this site may be followed by fibrosis across the small foramen in the dia- 
phragm (see Pl. 1, Fortier e¢ al. 1957) which may possibly form a partial 
blockade of the route regenerating vessels would traverse. There can be little 
doubt that in the rabbit anterior pituitary activity may be very largely 
restored after stalk section as shown by the few animals in which apparently 
full gonadotrophic function recurred, and by the return of adrenal cortical and 
thyroid responses to emotional stress, which were so markedly affected in the 
stalk-sectioned animals with plates. 

From the present study it may be concluded that the pituitary divorced 
from anatomical connexion with the hypothalamus retains a residuum of 
autonomous activity with regard to secretion of thyrotrophic hormone, and 
that’ thi§ activity can still be inhibited in an apparently normal way by a 
raised blood level of thyroid hormone and by the stress of physical trauma. 
The function of the hypothalamus in relation to TSH secretion seems to be to 
maintain the normal rate of secretion and to modify this rate of release in 
response to stimuli acting through the central nervous system. 


SUMMARY 

1. The thyroid activity of rabbits in which the pituitary stalk has been 
surgically interrupted has been studied by means of radio-iodine. In 14 animals 
the stalk was simply divided and in 34 it was cut and a plate of waxed-paper 
placed between the cut ends. 

2. The 48-hr uptake of I by the thyroid was not reduced in the simply 
stalk-sectioned rabbits, but was reduced to about two-thirds the normal 
value in the animals stalk-sectioned with plates. In both groups the rate of 
release of thyroidal radio-iodine was reduced to about one half the normal 
figure. All these values for stalk-sectioned animals were significantly above 
those found in hypophysectomized controls. 

3. Section of the pituitary stalk leads to atrophy of the pars distalis to 
about 75% its normal volume. No correlation was found between the reduc- 
tion in thyroid activity and pars distalis atrophy. 

4. The release of thyroid] radio-iodine is inhibited in the normal rabbit 
by restraint, injection cf sti/ooestrol, surgical trauma and injection of thyroxine. 
The operation of stalk section with plate largely abolished the thyroid 
inhibition to restraint or injection of stilboestrol, but had little effect on the 
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inhibition following laparotomy or injection of thyroxine. In the simply 
stalk-sectioned rabbits thyroid inhibition occurred in 11 out of 12 animals 
after restraint and in 6 out of 11 after stilboestrol. 

5. Regeneration of the hypophysial portal vessels had occurred to a marked 
extent in the simply stalk-sectioned group. In the ‘stalk-sectioned animals 
with plates’ a fine capillary network in the fibrous capsule of the plate appeared 
to unite the vascular fields of the median eminence and pars distalis in the 
majority of animals. 

6. It is concluded that the hypothalamus, through the mediation of the hypo- 
physial portal vessels, maintains the activity of the thyroid gland and modi- 
fies this activity in response to stimuli acting through the nervous system. An 
increased concentration of thyroid hormone in the blood, and physical trauma, 
appear to-affect the release of TSH by a direct action on the pituitary gland. 
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A SIMPLIFIED HEART-OXYGENATOR PREPARATION 

SUITABLE FOR ISOTOPE EXPERIMENTS: WITH SOME 

OBSERVATIONS ON THE METABOLISM OF ACETATE, 
PYRUVATE AND FOUR AMINO ACIDS 


By E. W. CLARKE* 
From the Department of Physiology, University of Sheffield 
(Received 14 December 1956) 


The use of tracer methods with isolated organs tends to be limited by the 
relatively large size and complexity of most organ preparations and particu- 
larly with those requiring blood perfusion. The present investigation has been 
mainly concerned with finding a mammalian heart preparation which is 
suitable for routine experiments with compounds labelled with “C. The aim 
was to have a small preparation which, in addition to requiring minimal 
amounts of labelled material, was compact enough to be used without risk of 
isotope contamination of the laboratory. Valuable experience was gained 
from using the rat heart-lung preparation of Cruickshank (1945) but it was 
apparent that a preparation without lungs would be more satisfactory for this 
type of work. A suitable method was developed after ways were found for 
making a convenient oxygenator and for simplifying the blood circuit. The 
hearts of both the rat and guinea-pig were used. 

The principle of the method (see Fig. 1). A cannula passes into the left 
atrium. The aorta and pulmonary vessels are ligated. Oxygenated blood flows 
from the reservoir, through the cannula and atrium, into the left ventricle. 
During systole the blood is forced into the elastic stump of the aorta and 
through the coronary circulation to the right atrium. It leaves the heart 
via the cut venae cavae and is reoxygenated and returned to the reservoir by 
a gas lift. A thin sheet of glass-wool, placed near the outlet of the ‘lift’, 
serves to break the froth. The gas stream is circulated through a carbon 
dioxide absorber and volume recorder by a small pump, and the whole appara- 
tus is immersed in a water-bath kept at 37° C. About 5 ml. of blood is used. 
A donor animal is not required. The heart usually survives for at least 3 hr 
and its oxygen consumption remains constant. The average Q,, is 43 for the 
rat heart and 34 for the guinea-pig heart. 


* Present address: Physiological Laboratory, Cambridge. 
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The left ventricle is not overstrained, providing the height of blood in the 
reservoir does not exceed 40 mm, when measured from the tip of the cannula. 
The right ventricle is allowed to pump against the absolute resistance of the 
, tied pulmonary artery, but it has almost no filling pressure and there have 
been no signs of it failing. Many of the rat hearts went through a phase of 


Reservoir 


Y/D 


Fig. 1 


‘weakened contraction ‘during the first 10 min and, although the majority 
recovered and subsequently behaved normally, some failed. This phase of 
weakened contraction was preceded by a reduction in coronary flow and may 
have been caused by vascular occlusion of the type frequently encountered 
with blood perfusion. As the guinea-pig hearts were rarely affected in this 
way they were used for most of the experiments. 


METHODS 
Animals, The guinea-pigs were young animals weighing 350-450 g, of ordinary attested stock, 
fed on the M.R.O, diet 18, The rats were of Wistar strain, fully grown and fed on M.R.C. diet 86. 
| Anaesthetic. The animal was placed in a jar containing an ether-soaked swab until anaesthetized. 
The trachea was then cannulated and connected to a small ventilation pump supplied with an 
ether-.ir mixture from a simple vaporizer. The ventilation pump consisted of a Dale-Schuster pump 
provided with a valve system similar in principle to that described by Glynn & Smyth (1948). 
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pparatus 

The apparatus is shown in Fig. 2. It consists of a heart-oxygenator unit and a CO, absorber, 
volume recorder and pump. 

The heart oxygenator-wnit contains the heart and all the blood and may be used alone if CO, 
collection and measurement of oxygen consumption are not required. A stream of moist oxygen 
entering through the jet at the bottom of the lift-tube propels a train of blood droplets up the lift. 
tube and deposits them on a sleeve of glass-wool. The blood flows through the interstices of the 
glass-wool into the reservoir. The froth is broken by capillary forces and the gas escapes through a 
hole in the glass-wool sleeve, flows down the side tube into the heart chamber and then passes to 
the CO, absorber. The blood circulates through the heart in the manner already described and 
after dripping into the heart chamber returns to the region of the jet via the narrow annular space 
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surrounding the lower part of the lift-tube. 


Heart- CO, absorber 
oxygenator unit and volume recorder 
\ 
Glass-wool CO, absorber 
Reservoir tube 
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The reservoir chamber is made from standard B-24 glass cone. The cannula is approximately 
1-5 mm at the tip and is made as short as possible to lessen the danger of bubbles being drawn 
into the heart should the reservoir become empty. A small rubber cuff (not shown in the diagram) 
is placed round the top of the lift-tube and makes a seal with the central tube to prevent blood from 
flowing back into the heart chamber. Both this seal and the connector for the cannula could be 
made from polythene should it be felt necessary to avoid having rubber in contact with the blood. 

The lift-tube is 35 om long and has a 3 mm bore. It is made long to ensure complete oxygena- 
tion of the blood and to permit a larger ratio of blood to gas in the lift-tube. This ratio is important 
since, for a given blood flow, it determines the CO, tension in the blood. For example, in a prepara- 
tion producing 5 ml. of CO,/hr, and having a gas flow as low as 100 ml./hr, the gas in equilibrium 
with the blood will contain 5 % of CO,. This high value can be achieved when the blood flow through 
the heart is low. The blood CO, levels usually vary from 35 to 55 volumes per cent. When the 
_ eollection of respiratory CO, is not required the unit is driven with a high rate of flow from a 
cylinder of 5% CO, in oxygen. 

The CO, absorber, volume recorder and pump. The gas flowing from the heart chamber passes up a 
central tube into the CO, absorber tube. The CO, absorber tubes are 10 x 1-5 cm with a shortened 
B-16 cone at the open end and a solid glass handle at the other. The inside surface of the absorber 
tube is covered with a single layer of filter paper which is moistened with carbonate-free 2u-NaQH. 
The wide tube which extends upwards from the joint receiving the absorber protects the central 
tube and supports the manometer outlet. 

The volume recorder consists of a burette, a gas reservoir and a manometer, each containing 
dilate HCl. The manometer has a long limb open to the atmosphere and a short limb open to the 
gas reservoir. Before taking a reading, the water level in the burette is adjusted by means of a 
rubber bulb and screw device to bring the pressure in the volume recorder to that of the atmo- 
sphere. A possible refinement would be to connect the long limb of the manometer to a closed 
chamber of the same capacity as the apparatus and also kept in the water-bath. 

The throttle pontrols the gas flow and has a damping effect on the pressure oscillations caused by 
the pump. It consists of a rubber tube, containing cotton-wool, constricted by a screw-clip. The 
pump is made from two small flattened rubber valves connected by a short length of very thin- 
walled rubber tube. They are supported in a glass barrel by small rings cut from pressure tubing. 
The barrel is filled with water and connected through a side tube to an oscillating air-column. The 
air-column has a frequency of about 5 c/s and is driven by @ small electric aerator pump from 
which the outlet valve has been removed. Another throttle on the rubber pressure tubing con- 
veying the air-column provides a further means of control. The lower valve chamber is a region of 
higher pressure, and as this may vary slightly its volume is reduced by a piece of pressure tubing 
shaped to fit loosely round the valve (not shown). Capillary tubing is used to connect the pump 
to the jet of the heart-oxygenator unit for the same reason. With these precautions, no detectable 
volume change occurs in the system when the rate of either gas flow or blood flow is altered. 

The assembled appag@ts is held in a simple clamp suspended from the screw device, and the whole 
unit arranged to fit into a cylindrical museum jar 10 x 43 cm. Water is circulated through the jar 
from a water-bath constant to within 0-1° C. A bubbling chamber for warming and moistening the 
gas supply is also immersed in the jar. 

Procedure 

Preparing the apparatus. After cleaning overnight in chromic acid, the heart-oxygenator unit 
was washed for at least half an hour in running tap water and rinsed with 0-9 % saline. The glass- 
wool was cleaned in bulk by the same method but rinsed in distilled water and dried. The volume 
recorder and pump were cleaned only when necessary. 

The sleeve was prepared by pulling out some of the glass-wool into a sheet a few fibres thick. 
This was wetted with saline to make it manageable, cut into a square 6 x 6 cm and rolled into a 
tube with the fibres running lengthwise. The sleeve was placed over the central tube of the reser- 
voir and a hole made in it with curved forceps, away from the side-tube, to provide the gas with a 
free passage to the outer compartment. The reservoir chamber was then fitted into a special 
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f 
centrifuge tube, having a B-24 socket, and spun for a few seconds to drain the glass-wool of saline. 
The apparatus, without the reservoir, lift-tube and absorber, was lowered two-thirds of the way 
into the water-bath and a stream of moist oxygen passed into it through a bung placed in the wide 
tube which takes the absorber. 

Dissection. The guinea-pig dissection will be described; the dissection of the rat is somewhat 
easier because of its stronger veins and the presence of a left superior vena cava which need not be 
divided. Most of the dissection was done with curved forceps having sharpened points. The whole 
procedure usually took about ten minutes. 

The anaesthetized and artificially ventilated guinea-pig (see above) was placed supine on the 
dissecting platform (a flat copper box arranged in the water-bath circulation). The chest was 
opened in the mid line and its walls retracted. An effective retractor consists of two spring-type 
towel clips joined by a long rubber band which passes beneath the platform. The chest walls were 
more widely retracted after the pericardium had been opened and the left innominate vein divided 
between clamps (curved mosquito forceps). The aorta was freed from the surrounding tissue and 
the aortic ligature loosely tied. The pulmonary ligature was then threaded round the base of the 
heart, passing beneath the aorta and the venae cavae and in front of the hila of the lungs. Heparin 
(15 mg/kg body wt.) was injected into a superficial leg vein. 

The reservoir chamber, with its joint surface sparingly smeared with lanolin, was supported 
above the heart in a ball-jointed clamp and inclined away from the operator with the cannula just 
above the left atrium. A thread was tied to the tip of the atrial appendage and a lightly sprung 
bulldog clip, with slender jaws, was placed across its base. The atrium was then retracted in the 
direction of the cannula by weighting the end of the thread and passing it over the clamp. The 
cannula was inserted through an opening made in the now exposed under surface of the appendage 
and the bulldog clip brought up to hold it in place while tying the ligature. The flow of blood up 
into the reservoir was promoted by slowly tightening and then tying the aortic ligature. When 
sufficient blood had entered the reservoir the pulmonary ligature was tied and the heart cut free 
from the mediastinum. The heart and reservoir chamber were then transferred to the heart chamber 
and the lift-tube inserted with its opening away from the hole in the glass-wool sleeve. The appara- 
tus was lowered further into the water-bath and the throttle adjusted to give a slow steady flow 
up the lift-tube. The gas was allowed to escape from the top of the reservoir until the start of the 
experimental period in order to carry the ether out of the system. 

Experimental procedure. The labelled substrates were added to the reservoir chamber from a 
tuberculin syringe mounted in the bung. After withdrawing a sample of blood from the reservoir 
for a CO, estimation, this bung and a warmed absorber tube were inserted, some substrate added 
and the whole apparatus totally immersed in the water-bath. As a few minutes elapse before 
the respiratory CO, reaches the absorber, the taking of the first reading was delayed in order to 
allow time for temperature equilibration. Substrate additions were made before each burette 
reading and the reading corrected for this added volume. At the end of the experimental period 
the heart was killed, without opening the system, by injecting a mixture of 0-01 m sodium cyanide 
and iodoacetate through the rubber-covered nipple on the shoulder of the reservoir chamber. The 
gas was then circulated freely for 5 min to bring about absorption of the remaining CO, and the 
final burette reading taken. 

After raising the apparatus from the water-bath, the heart was removed and the blood acidified 
with 0-5 ml. of m sodium dihydrogen phosphate. Rapid circulation of the gas for another 5 min period 
transferred all the blood CO, to the absorber, which was removed and resealed with its ground glass 
cap. The blood was then collected in the reservoir by closing the orifice of the cannula and circula- 
ting the gas. Blood remaining on the walls of the heart chamber and lift-tube was washed up into 
the reservoir by a small measured volume of water added down the central tube of the CO, absorber 
unit. Thereservoir was then transferred to th lcentrifuge tube, the la unsealed and drain 
age of the'glass-wool and reservoir achieved, as s before, by gentle centrifugation. The centrifuge tub: 
has a narrow calibrated stem so that the blood volume may be measured directly. The initial blood 


volume was found from this final volume by subtracting the sum of all the various added volumes. 
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The heart contracted in response to the killing solution and contained little blood. It was 
dissected from the mediastinal tissue, gently squeezed between filter paper and weighed. The 
heart, filter paper and tissue fragments were then ground with sand in a mortar, the blood added, 
and the whole deproteinized and filtered. 

Control experiments were performed for each substrate as follows. About 5 ml. of blood were 
withdrawn from the abdominal aorta of an anaesthetized guinea-pig, which had been given heparin 
as before. The blood was poured into the reservoir of the apparatus, which was assembled in the 
usual way but without the CO, absorber tube. The opening for the CO, absorber tube was closed 
with a bung through which the apparatus was filled with a mixture of 5% CO, in O,. This gas 
mixture served the dual function of correctly equilibrating the blood and providing enough CO, 
for the radioactivity determination. The usual amount of substrate was added and the gas and 
blood circulated at 37° C for 1 hr. Then the killing and acidifying solutions were added and an 
absorber tube inserted. The blood recovery, chemical estimations and radioactivity measurement 
of the CO, were carried out in the usual manner. In none of these experiments was the blood 
found to liberate any labelled CO, from the substrate. 


Estimations and materials 

Collected CO,. The collected CO, was released from the absorber with lactic acid and quantita- 
tively transferred, in vacuo, to standard baryta solution where the amount was found by back 
titration. The transfer was made through an inverted, U-shaped, wide glass tube, the limbs of 
which were connected by ground joints to the absorber tube and baryta flask respectively; the 
limb bearing the absorber tube was provided with a side arm. Further details of the procedure 
are given by Kornberg, Davies & Wood (1951). 

Blood CO,. In order to find what proportion of the collected CO, had been produced by the 
heart it was necessary to know the amount originally present in the blood. The method of finding 
the initial blood volume is described above. The initial blood CO, concentration was determined 
by the Van Slyke manometric method on a sample removed from the reservoir by means of a 
syringe and long needle with liquid paraffin in the dead space. 

Acetate. The steam distillation method was used in the manner described by Smyth (1946) but 
without refluxing with mercuric oxide. Sodium tungstate was the deproteinizing agent. Dupli- 
cate estimations were made on each filtrate and recoveries at these concentrations were found to 
be 99% +3%. The small amounts of endogenous acetate present in the blood and heart were not 
detectable by the method. 

Pyruvate. The method of Friedemann & Haugen (1943) was used with trichloroacetic acid as the 
deproteinizing agent, Duplicate estimations were made and again the amount of endogenous 
pyruvate was small enough to be ignored. 

“C-labelled materials. The methyl- and carboxyl-labelled acetate and the «-carbon-labelled 
pyruvate were obtained from the Ministry of Supply, Radiochemical Centre, Amersham. The 
carboxyl-labelled pt-alanine, leucine, valine and glutamic acid were kindly given by Dr B. C. 
Whaler. For details of their preparation see Whaler (1955). An ion-exchange column was used 
for the purification. As a further precaution against possible traces of labelled impurity the sample 
was run on a paper chromatogram in butanol—acetic acid—water solvent. The spot was then identi- 
fied under ultra-violet light, after heating for 10 min at 100° C, and recovered by elution with 
water. 

The radioactivity of the substrate was determined after combustion and precipitation of the 
liberated CO, as barium carbonate. The wet combustion method of Van Slyke & Folch (1940) was 
used. The liberated CO, was transferred to carbonate-free sodium hydroxide solution and then to 
baryta solution. The transfer method and the method of preparing and counting the barium 
carbonate have been described by Kornberg et al. (1951). Sufficient counts were taken to obtain a 
8.8. of 2%. The radioactivity of the respiratory CO, was found by multiplying the activity of the 
collected OO, by the factor for its dilution with blood CO,. The amount of “C used in each experi- 
ment was from 0-2 to 0-6yuc. 
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RESULTS 
The results show the extent to which acetate, pyruvate and four amino acids 
are utilized by the heart, and will be considered under these three headings. 
Some of the results have been referred to previously (Clarke, 1951; Clarke & 
Whaler, 1952). : 


Tastz 1. The utilization of “C-labelled acetate by the rat and guinea-pig heart 


Na acetate, 
wet wt. 

Expt. Added Disappearing Oxidized* acetate* (ml./g/hr) R.Q. ~ 
Rat heart 

1 28-8 18-8 (25-7) 10-8 (14-8) 68 8-9 (45) 0-96 

2 24-4 17-1 (23-5) 9-4 (12-9) 62 8-8 (44) 0-95 

3 14-2 11-8 (16-1) 7-5 (10-2) 8-0 (40) 1-02 

4 7-2 6-4 ( 8-7) 4:8 (6-6) 31 8-3 (41) 1-03 
Guinea-pig heart 

21-6 10-9 (14-8) | 7-1 ( 97) 61 71 (35) 0-89 

6 12-8 10-6 (14-5) 6-2 ( 8-5) 60 7-0 (35) 0-81 

7(a) 151 11-1 (15-2) 6-6 ( 9-0) 69 6-5 (32) 0-81 

8 (a) 15-6 9-8 (13-4) 6-7 ( 91) 65 7-1 (35) 0-80 

9(b) 13-1 9-9 (13-5) 4-5 ( 6-1) 36 7-8 (39) 0-87 
10(b) 16-0 8-2 (11-2) 4-9 ( 6-7) 42 7-2 (36) 0-88 
11(c) 19-1 1-7 ( 2-3) 0-0 ( 0-0) 0 3-1 (16) — 
12(d) 25-7 8-0 (10-9) 0-0 ( 0-0) 0 3-4 (17) — 
13(e) 19-2 8-8 (12-0) 5-0 { 6-8) 42 7-2 (36) 0-90 
14(f) 20-6 11-4 (15-6) 4-9 ( 6-7) 50 6-2 (31) 0-86 


*Q’ values (ul./mg dry wt./hr) are shown in parentheses. Dry weight taken as 20 % of wet weight. 

* Assuming that both carbon atoms are oxidized at the same rate. 

a, Using CH, “COO Na; b, with 0-05 m-Na pyruvate; c, 0-00083 m-Na monofluoroacetate 
(initial blood concn.); heart failed after 40 min; d, 0-00044 m-Na monofluoroacetate, heart failed 
after 34 min; e, 0-0002 m-Na monofluoroacetate; f, 0-00013 m-Na monofluoroacetate. 


Acetate 

Two control experiments were carried (see methods), one with methyl- 
labelled and the other with carboxyl-labelled acetate. They indicated that 
acetate was not decomposed by the blood since the recoveries were complete, 
within the limits of accuracy of the estimation, and in neither case was any “C 
detected in the equilibrated CO,. 

The experimental findings are summarized in Table 1. The percentage of the 
respiratory CO, derived from acetate (column 4) was found by comparing the 
radioactivity of the respiratory CO, with that of the CO, obtained from com- 
bustion of some of the added acetate. This percentage, multiplied by the 
amount of the CO, produced (in acetate equivalents), gives the amount of 
acetate completely oxidized (column 3). The acetate disappearing (column 2) 
refers to the difference between the amount of acetate added and the amount 
recovered at the end of the experiment, The aim when adding the substrates 
was to keep a steady concentration in the blood. A priming dose was given to 
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establish the expected concentration followed by maintenance doses at 5 min 
intervals to replace the amounts expected to be consumed. The residual 
acetate (i.e. the difference between columns 1 and 2), gives an indication of 
the blood concentration. Assuming a blood volume of 5 ml. and a heart weight 
of 0-9 g for the rat and 1-4 g for the guinea-pig, it will be seen that the final 
concentrations ranged from 2 to 25 mm. The experimental period was usually 
1 hr. 

In the first four experiments with the rat heart different concentrations 
were-used. At the higher concentrations relatively large amounts of acetate 
disappeared and about two-thirds of the respiratory CO, was derived from the 
added acetate. With the low concentrations a large proportion of the dose 
disappeared, and as much as 70%, of this appeared as CQ,. 

The second series of experiments (5-8), using the guinea-pig heart, was 
designed to show whether or not the two carbon atoms in the acetate molecule 
are oxidized at similar rates. The results suggest that they are oxidized at 
more or less the same rate with possibly a slight bias in favour of the carboxyl- 
carbon. The amounts of acetate disappearing and being oxidized are similar 
to the values found for the rat heart when considered per unit of oxygen 
consumed. 

In expts. 9 and 10 sodium pyruvate was also added to the preparation to 
see whether it would cause a reduction in the utilization of acetate. There was 
a significant reduction in the amount of acetate oxidized but less than was 
found in a similar experiment with rat heart slices by Pearson, Hastings & 
Bunting (1949) using carboxyl-labelled acetate. 

In the last series (11-14) the hearts were subjected to various concentra- 
tions of sodium monofluoroacetate. As there was a delay before the fluoro- 
acetate appeared to take effect it was added 15 min hefore the start of the 
experimental period. The higher concentrations produced slowing and irregu- 
larity of the beat and an increase in coronary flow. The hearts receiving the 
higher doses (11 and 12) failed after 40 and 34 min of the experimental period 
respectively. No acetate was oxidized in these two experiments and in Expt. 11 
very little disappeared. In spite of this, CO, was produced and oxygen con- 
sumed at about half the normal rate. In the two less severely poisoned hearts 
(13 and 14), the ability to oxidize acetate was slightly impaired. 

The effect of overworking the heart with adrenaline was tried in one experi- 
ment. Although the metabolic rate and the absolute amounts of acetate 
disappearing and being oxidized were considerably increased, their relative 
proportion remained unchanged. The Q,, for this experiment was 61. 

The average rate of consumption of acetate, expressed as Q acetate dis- 
appearing, was about 20 for the rat heart and 14 for the guinea-pig heart. 
The average proportion of the total metabolism supported by acetate was 
approximately 65° for both species. These rates are somewhat higher than 
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the values obtained with other tissues. For example, the dog heart-lung 
preparation has an average Q acetate disappearing of 12 (Dr R. M. Atkinson, 
unpublished observations), the saline-perfused rabbit heart 8 (Barcroft, 
McAnally & Phillipson, 1943), the cat liver 11 and the whole cat 0-7 (Smyth, 
1946). In two experiments using *C carboxyl-labelled acetate with the isolated 
cat heart, Lorber, Lifson, Wood & Barcroft (1946) found that 32% and 20%, 
of the respiratory CO, was derived from the acetate. The same material was 
added to an isolated dog gastrocnemius preparation by Lifson, Omachi & 
Cavert (1951) and gave rise to an average of 20%, of the CO, with the muscle at 
rest and 32° when the muscle was stimulated. The concentrations of substrate 
were similar to those used in the present work. In experiments adding “C 
carboxyl-labelled acetate to rat heart tissue slices, Pearson et al. (1949) found 
that 40-60% of the metabolism of the slices was derived from the acetate. 
Although not strictly comparable, these values for heart slices are similar to 
those found in the present study with active heart muscle. 


Taste 2. The utilization of a-labelled pyruvate by the guinea-pig heart 


Na pyruvate %, of the respiratory 
(mg/g wet wt. of heart/hr) CO, derived O, 
A from added 
Expt. Added Disappearing Oxidized* pyruvate* (ml./g/hr) R.Q. 
15 25-0 15-4 (15-7) 6-4 (6-6) 65 6-2 (31) 0-98 
16 18-5 14-8 (15-1) 6-7 (6-9) 70 6-3 (32) 0-93 
17 20-1 15-6 (15-9) 5-9 (6-0) 64 53 (27) 1-04 
18 15-8 11-4 (11-6) 6-6 (6-7) 61 6-8 (34) 0-97 
19 (a) 18-3 11-8 (12-0) 1-2 (1-3) 14 5-1 (26) 1-05 
20(b) 23-0 13-8 (14-0) 0-4 (0-4) 6 3-6 (18) 


*Q’ values (ul./mg dry wt./hr) are shown in parentheses. 
* Assuming, for convenience, that all three carbon atoms are oxidized at the same rate (see 
text). 


a, 0-00037 m-Na monofluoroacetate, heart failed after 52 min; b, 000036 m-Na monofluoro- 
acetate, heart failed after 33 min. 
Pyruvate 
‘Two control experiments showed complete recoveries of pyruvate and no 
radioactivity in the equilibrated CO,. The results from using a-labelled pyru- 
vate with the guinea-pig heart are shown in Table 2. The experimental pro- 
cedure was the same as described for acetate. 

The rates of disappearance and oxidation of the pyruvate are similar to 
those for acetate. It must be emphasized, however, that in the case of pyruvate 
the information relates to only one of the three carbon atoms. The R.Q. values 
for the pyruvate experiments are higher than for the equivalent acetate and 
amino-acid experiments, as would be expected. 

Expts. 19 and 20 show the effects of toxic concentrations of fluoroacetate. 
The hearts failed in this case after 52 and 33 min respectively. The oxidation 
of the a-carbon, though not completely inhibited, was markedly depressed, 
while the disappearance of pyruvate was hardly affected. 
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The values for the disappearance of pyruvate are less variable than those 
reported for the isolated-dog heart by Braun-Menendez, Chute & Gregory 
(1939). In the experiments where the concentrations of pyruvate used were 
comparable, the consumption by the guinea-pig heart corresponds to the 
highest values found for the dog heart. Pearson et al. (1949), using «-labelled 
pyruvate with rat heart slices, found 77% of the total metabolism to be 
derived from the added pyruvate. 


Amino acids 
Estimations of the residual blood amino acid were not made and it is there- 


fore not possible to determine the rate of disappearance of these acids. No 
radioactive CO, was obtained in any of the control experiments. 


Taste 3, The utilization of four carboxyl-labelled amino acids by the guinea-pig heart 


% of CO, 
“Amino acid derived from 
(mg/g wet wt.ofheart/hr) %,ofCO,  carboxyl- 

—, derived from carbon of O, 

Added © added added 
Expt. (pi form) Oxidized* amino acid* amino acid* (ml./g/hr) R.Q. 
Valine 
21 16-3 0-79 (0-76) 17 34 — — 
22 12-0 0-76 (0-73) 17 3-4 we ak 
I 
23 9-2 1-02 (0-87) 19 3-2 6-1 (31) 0-89 
24 8-6 1-35 (1-15) 27 4-7 6-2 (31) 0-82 
Glutamic acid 
25 14-6 0-27 (0-20) 3 0-6 7-8 (39) 0-86 
26 121 0-16 (0-12) 2 0-4 6-2 (31) 0-94 
Alanine 
27 10-4 0-74 (0-93) 12 40 5-6 (28) 0-84 
28 15-3 0-97 (1-22) ll 3-7 7-5 (37) 0-89 
29 (a) 13-2 0-77 (0-97) 14 4-7 5-0 (25) 
30(b) 20-0 0-31 (0-38) 5 1-7 4:7 (24) 0-96 


*Q” values (ug/mg dry wt./hr) are shown in parentheses. 

* If complete oxidation of the molecule is assumed. 

a, After overworking the heart with adrenaline (see text). 

b, 0-00037 m-Na monofluoroacetate, heart failed after 50 min. 


The results are shown in Table 3. Significant amounts of all four acids were 
oxidized. Column 4 shows the percentage of the respiratory CO, actually 
derived from the labelled «-carboxyl carbon. It will be seen that the values 
for leucine, valine and alanine are approximately the same as each other, and 
are about six times the average value for glutamic acid. The percentage of the 
metabolism that would be supported by the added amino acid if all the carbon 
atoms were oxidized at the same rate as the carboxyl carbon is given in 
column 3 for comparison with the similar values in Tables 1 and 2. 

In Expt. 29, the heart was overworked with adrenaline for a period of 100 min 
before the start of the experiment. This was carried out to see whether more 
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alanine would be used by the heart if its store of normal metabolites was 
reduced. A slight but hardly significant increase was observed. Fluoroacetate 
was added in Expt. 30 and the heart survived for 40 min. Less than half the 
normal amount of labelled carbon appeared in the respiratory CQ,. 


DISCUSSION 

The present method has much in common with the frog heart preparations 
of A. J. Clark and his colleagues (Clark, Eggleton, Eggleton, Gaddie & 
Stewart, 1938) for, as with their methods, the heart maintains its own circula- 
tion and the system is contained in a relatively small vessel which is easily 
adapted for the measurement of gas exchanges. If compared with the mam- 
malian heart procedures it will be seen to resemble both the simple aortic 
perfusion methods and the full-circuit heart-oxygenator preparation in some 
particulars. It shares with them the considerable advantage of not requiring 
the use of lungs and combines other features of value for metabolism studies. 
For example, there can be little doubt about the physiological state of the heart 
since it maintains its own circulation and fails rapidly at the onset of myocar- 
dial weakness. The heart is actively working and has a high rate of metabolism. 
The oxygen consumption is readily determined, and the respiratory CO, may 
be collected without greatly disturbing the normal CO, tension in the blood. 
Then, as with the perfusion methods, there are the advantages of using small 
laboratory animals. When labelled compounds are used the amounts required 
are small and unlikely to limit the range of substances available or the number 
of possible experiments. The risks of laboratory contamination are no greater 
than when handling the isotopes in ordinary chemical apparatus. 

The acetate and pyruvate results demonstrate the ease with which these 
substances are utilized by the heart. However, in none of the present experi- 
ments, including the one in which the heart was overworked with adrenaline, 
did added acetate or pyruvate account for more than 70°% of the total meta- 
bolism. It would be interesting to know whether the endogenous substances 


which supported the remaining 30°% of the metabolism were competing with . 


the added substrates for the same enzyme systems or were oxidized via 
another metabolic pathway not easily entered by the added substrates. 
Evidence for an alternative oxidative pathway in mammalian tissue, namely 
the non-glycolytic oxidation of glucose-6-phosphate, has been provided by the 
work of Dickens & Glock (1951). A pathway of this type may also have been 
the source of energy and CO, in Expts. 11 and 12, where the oxidation of 
acetate and presumably the tricarboxylic acid cycle was completely blocked by 
fluoroacetate. It is possible, however, that this metabolism was derived from 
the decarboxylation of pyruvate, although there was no suggestion of a longer 
survival period or of a more vigorous heart in the experiments where pyruvate 
was added to fluoroacetate-poisoned hearts. 
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The amino acid results show that the guinea-pig heart is capable of oxidizing 
the carboxyl group of alanine, leucine, valine and glutamic acid. Until now 
there has been little evidence of amino acid breakdown in the mammalian 
heart, although there is evidence that it occurs in the frog heart (Clark, Gaddie 
& Stewart, 1931). Attempts to show the formation of urea and ammonia on 
adding amino acids to the aglycaemic dog heart-lung preparation were unsuc- 
cessful (McClure & Cruickshank 1936). Later Burns & Cruickshank (1937) 
were able to detect urea formation in the aglycaemic dog heart and also noticed 
that creatinine was lost less rapidly from the aglycaemic, perfused cat heart in 
the presence of glycine. Lorber & Olsen (1946) added “C carboxyl-labelled 
glycine to an isolated cat heart and found a barely significant increase in the 
isotope content of the respiratory COQ,. 

The relatively low values found for glutamic acid are surprising in view of 
the specific glutamic transaminases and dehydrogenase found in cardiac 
muscle. This effect may be due to a local dilution of the added acid by endo- 
genous glutamic acid present at the site of its enzyme system. It is also inter- 
esting that the two essential amino acids, leucine and valine, should be decar- 
boxylated at the same rate as alanine. There has as yet been no evidence of 
the direct decarboxylation of amino acids by heart muscle. Deamination is 
thought always to precede decarboxylation and to be brought about either by 
means of a transamination reaction or by oxidative deamination, as forexample — 
by the scheme suggested by Braunstein & Bychkov (1939). These still leave 
the respective keto acids to be decarboxylated and, as the higher keto acids 
are thought to be less readily metabolized than pyruvic acid, one would not 
have expected valine and leucine to have been utilized at the same rate as 
alanine. 

SUMMARY 

1. A simplified heart-oxygenator preparation using the rat or guinea-pig 
heart is described. C-labelled substrates may be conveniently used with the 
preparation and its oxygen consumption and carbon dioxide production 
measured. 

2. Added acetate was found to be readily utilized by the rat and guinea- 
pig hearts and gave rise to as much as two-thirds of their respiratory carbon 
dioxide. 

3. Toxic concentrations of sodium monofluoroacetate appeared completely 
to inhibit the oxidation of acetate. 

4. The consumption of pyruvate and the oxidation of its a-carbon were 
found to be similar to the equivalent values for acetate. 

5. Carboxyl-labelled alanine, valine, leucine and glutamic acid were found 
to be utilized by the heart. About 3-6 °%, of the respiratory carbon dioxide was 
derived from the carboxyl-carbon of alanine, leucine and valine but only 

0-5°% from that of glutamic acid. . 
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THE RELATIONSHIP BETWEEN THE TEMPERATURE IN THE 
RECTUM AND OF THE BLOOD IN THE BICAROTID TRUNK 
OF THE CALF DURING EXPOSURE TO HEAT STRESS 


By JOHN BLIGH* 
From The Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 14 December 1956) 


It is generally accepted that the temperature in the rectum is more or less 
representative of deep body temperature. This view was expressed by Bernard 
(1876), and several more recent comparisons between rectal and other deep 
body temperatures (Horvath, Rubin & Foltz, 1950; Eichna, Berger, Rader & 
Becker, 1951) have confirmed that, although there are temperature gradients 
within the central blood vessels, and between the various deep body tissues, 
the rectal temperature is, nevertheless, a reasonable and acceptable index of 
deep body temperature for most purposes. However, very little is known 
of the relationship between rectal and other deep body temperatures when 
the heat storage of the body is changing, and body temperatures are rising or 
falling. Eichna (1949) compared temperatures in the rectum and in the 
blood of the femoral artery in humans and found that the femoral artery 
. blood temperature was generally lower than the rectal temperature, but that 
the difference was greater in febrile (0-6° C) than in afebrile (0-3° C) patients. 
He also reported that rectal temperature changes were small and lagged 
behind changes in femoral blood temperature during the application of heat 
and of cold to the skin surface. Mather, Nahas & Hemingway (1953) showed 
that the left atrial blood temperature of the dog was 0-2° C lower than that 
of the rectum when the environmental temperature was 20° C. This difference 
increased when the environmental temperature was reduced to —18° C with 
consequent fall in body temperature. Cranston, Gerbrandy & Snell (1954) 
compared rectal and oral temperatures under various conditions including 
the warming of the body, and found that, while oral temperature was always 
lower than that of the rectum, changes in temperature were more rapid in 
onset, and of greater magnitude in the mouth than in the rectum. Similar 
deviations between oesophageal and rectal temperatures were noted during 
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cooling of the human body (Cooper, Ferres, Kenyon & Wendt, 1955). These 
findings indicate that the relationship between rectal and other deep body 
temperatures does not remain constant when the heat content of the body is 
changing. 

The effect of the environment upon body temperatures is of particular 
interest in the bovine animal, which, having limited means of evaporative 
heat loss, responds to environmental temperatures as low as 30°C with a 
rise in rectal temperature. The effect of environmental heat stress upon rectal 
temperature varies both between and within breeds, and the extent of these 
changes has been used as an index of relative heat tolerance (Rhoad, 1944; 
Beakley & Findlay, 1955a). The purpose of this study was to determine 
whether rectal temperature was an acceptable measure of deep body tempera- 
ture when the calf was subjected to heat stress and could not achieve thermal 
equilibrium without first raising its deep body temperature. A preliminary 
report has already been published (Bligh, 1955). 


METHODS 


Ayrshire bull calves, 4~6 months old, were used to allow comparisons to be made with other 
environmental studies with which this present work is associated. 

A copper-constantan thermocouple (25 s.w.g.), enclosed in a polythene sheath of 1-5 mm 
external diameter and 1 mm bore, which was heat-sealed at the junction end, was introduced, 
under full cyclopropane and oxygen anaesthesia, into a carotid artery and passed down the lumen 
of the vessel until the thermojunction was estimated to be lying in the bicarotid trunk below the 
point of origin of the common carotid arteries. The lead wires were brought out through a stab 
wound beside the main incision, and terminated on a Perspex button which was sewn to the skin 
(Fig. 1). A protective cap was fitted over the button to allow the calf freedom of movement in 
the pen after recovery from the operation. Within 3 days the calf was fully recovered and appeared 
to be normal. The calf was then taken into the climatic chamber for 1-6 hr on each succeeding day 
for as long as the thermocouple wires remained intact. Inside the chamber the protective cap was 
removed and the implanted thermocouple was connected to the temperature ing system of 
the room by means of a plug which fitted the Perspex button. 

Experiments were made at 20°, at 30° and at 40° C environmental temperature, the humidity 
being low (17 mg/l. absolute humidity); and again at 35° and 40° C with a high humidity (45 mg/I. 
absolute humidity). The climatic chamber was pre-set at the chosen environmental temperature 
before the animal entered. For the high-humidity experiments, the room was set at low humidity 
when the animal entered, and then the humidity was raised abruptly 30 min later. At the end of 
experiments at 40° C with high humidity, when the rectal temperature had risen to 42° C, the 
humidity was again lowered. 

Rectal temperature was measured by means of a multiple thermocouple device consisting of 
four 40 s.w.g. copper-constantan thermocouples mounted along one side of a plastic rod (3-4 mm 
diameter) such that the deepest thermocouple was 12-5 cm and the outermost 5 cm from the 
external anal sphincter. The mean for the almost simultaneous readings from the four thermo- 
couples was used to express rectal temperature. 

Wet- and dry-bulb temperatures, rectal temperature (7',) and the temperature of the blood 
flowing through the bicarotid tem (7's) were measured at intervals of 5 min throughout each 


experiment. The t ing system of the chamber, accurate to within 0-1° C, has 
been described by Beakley & Findlay (19550). No attempt was made to read the temperature 
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with a greater degree of accuracy, although calibration of the rectal and bicarotid trunk thermo- 
couples against a standard glass and mercury thermometer in a well-stirred water-bath gave 
agreement within 0-05° C. This agreement held both when the temperature of the bath was 
steady, and when it was rising at a rate in excess of the highest rate of rise of body temperatures 
that occurred in any of these experiments. 


Common carotid artery 


hene casing 
Aortic 


Fig. 
button sewn to the skin of the neck. Adjacent to the button is the protective cap, and the 
cap with connexions to the temperature measuring system. 


RESULTS 


A variable number of experiments was made on each animal depending on the 
duration of intactness of the thermocouple within the bicarotid trunk. The 
thermocouple wires broke after 2-14 days. The fractures occurred immediately 
outside the carotid artery, or just beneath the skin. The neck muscles lie 
between these two points and it would seem that with each movement of the 
head the wires were being flexed about two relatively fixed points until they 
broke. 

The exact location of the thermocouple and the condition of the vessels were 
determined at the conclusion of the experiments on each animal. It was found 
almost invariably that the carotid artery was blocked at the point of entry of 
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the thermocouple, but that the thermojunction was lying in free-flowing blood 
between the aortic arch and the point of origin of the common carotid arteries. 
The polythene sheath in the region of the thermojunction eats free 
of blood or fibrin clots. 


Taste 1. The difference between rectal and bicarotid trunk temperatures (7', — 7',) of the calf 
at environmental temperatures of 20°, 30° and 40° C with low humidity. The total number of 
hours of exposure of each animal to each environmental temperature is indicated 


Environmental temperature 
20° C 30° C 40° C 
Total no.  Totalno. Total no T,-Ty 
Calf no. of hours (°C) C) of hours (°C) 
20 5-5 0-20 17 0-19 5-5 0-23 
21 5-5 0-26 ll 0-27 ll 0-32 
26 5 0-27 10 0-23 4-5 0-27 
31 2 0-38 2 0-25 — ene 
41 2 0-20 — — 5 0-19 
30 3-5 0-34 — 
20-0 0-27 43-5 0-29 27-0 0-27 
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Fig. 2. The relationship between the rectal temperature (©) and the bicarotid trunk temperature 
(@) of a calf when subjected to environmental temperatures of (A) 20° , (B) 30° and (C) 40° C 
environmental temperature with low humidity. 


Low humidity experiments 

Low humidity experiments were made on seven animals, and the results 
are summarized in Table 1. Typical results from experiments made at 20°, 
30° and 40° C are illustrated in Fig. 2. With every animal, and at all three 
environmentél temperatures, 7, was slightly less than T, with an over-all 
mean diffetence of 0-26° C. The mean differences for all the animals at each 
level of environmental temperature, given in Table 1, are almost identical, 
showing that this temperature difference is not directly dependent upon 
environmental temperature. There was, however, a definite tendency for the 
difference T, —T;, to decrease when body temperatures were rising (Fig. 2C). 
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High humidity experiments 
Experiments at 35° C environmental temperature with high humidity were 
made on three calves. When humidity was raised from the low to the high 
level, there was an increase in the rate of rise of body temperatures and the 
difference between 7; and 7;, was reduced from a mean value of 0-3° C to 
0-2° C. When the humidity was lowered at the end of an experiment, the rate 
of rise of the body temperatures decreased, and the difference between 7, and 


idity 
-0-0-0- 0, 
0-0-0-07$-@. 
0-0" ee 
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Fig. 3. A typical experiment to show the relationship between rectal temperature (©) and bicaro- 
tid trunk temperature (@) when a calf was exposed to an environment of 35° C and high 
humidity. Outside the vertical lines the humidity was low. 


Tax 2. The difference between rectal and bicarotid trunk temperatures (7', — 7',) of the calf at 
an environmental temperature of 35° C with high humidity. The total number of hours of 
exposure of each animal to the environment is indicated 


Animal Total no. Mean 7, -T'; 
20 75 0-24 
26 3-5 0-20 
45 1-5 0-14 


Mean of allexperiments 0-19 


T, increased, The mean difference between 7, and T;, in all the experiments 
at 35°C and high humidity is given in Table 2. A typical experiment is 
illustrated in Fig. 3. 

Experiments at 40° C environmental temperature with high humidity were 
made on eleven calves. When the humidity was raised to the high level all 
channels of heat loss were drastically reduced, and body temperatures rose 
more or less linearly at a rate largely determined by that of the animal's 
_ heat production. The rate of rise of 7, varied between 1-6° and 3-4° C/hr with 
a mean of 2-4° C/hr. Under these conditions 7, equalled T, or even exceeded 
it. An example of the relationship between 7, and 7, during experiments at 
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40° C with high humidity is illustrated in Fig. 4. The mean value of T,—T,, 
for all the experiments was —0-11° C. When rectal temperature reached 42° ( 
the humidity was again reduced to the low level, and sometimes the tempera- 
ture was also reduced. When this was done, 7, started to fall, while 7,, 
continued to rise, or remained steady, for a further 5-10 min before also 
starting to decline. Both temperatures then fell at approximately the same 
rate, but the delayed onset of the fall in 7, had created a difference between 
T,, and T;, of up to 1° C, with a mean of 0-6° C, which remained until thermal 
equilibrium was again established. | 


“ar 
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Temperature (°C) 
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High humidity 


50 75 100 125 
Time (min) 
Fig. 4. The relationship between the rectal temperature (©) and bicarotid trunk temperature (@) 


of a calf when subjected to an environment of 40° C and high humidity, Outside the vertical 
lines humidity was low. } 


In Fig. 5 the mean difference T;,—T', for each individual experiment at all 
three levels of environmental temperature and at both low and high humidity 
has been plotted against the mean rate of rise of T, in that experiment. The 
tendency is clearly established for the difference T,,—7, to become smaller 
as the rate of rise of 7; increased, until, at the highest rates of rise the differ- 
ence was reversed with 7’, greater than 7,,. The inclusion in Fig. 5 of readings 
obtained when 7p was falling after the humidity had been lowered at the end of 
an experiment at 40° C and high humidity shows that the difference between 
T, and T, may also be related to the rate of fall of deep body temperatures 
when heat loss exceeds heat production. 

There was no obvious thermal gradient within the rectum. Differences of 
up to 0-2° C occurred between the almost simultaneous measurements at the 
different depths, but these differences appeared to be random. When the 
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individual rectal temperature measurements were expressed as deviations 
from the mean value for each four simultaneous measurements, and the mean 
deviation for each location calculated from a number of experiments, a slight 
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45 = 0 +1 +2 +3 +4 
Rate of rise Ty (°C/hr) 
Fig. 5. The relationship of the difference between rectal and bicarotid trunk temperatures 
(7, —T7',) and the rate of rise of rectal temperature (7',) in the calf. 


75 10 12:5 
Depth of thermocouple within the rectum (cm) 


Fig. 6. Average differences of the temperature at different positions in the rectum from the mean 
of each four simultaneous measurements. 


thermal gradient was revealed. Fig. 6 shows this gradient for all the experi- 
ments made at 20° C environmental temperature. This gradient may be due 
to some extent to an instrumental error. It Was difficult to keep the multiple 
rectal thermometer in close contact with the rectal wall. The instrument 
tended to lie obliquely so that the deepest thermocouples were closer to the 
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rectal wall than were those nearer the exterior. It is clear that the results 
reported in this paper do not depend on the exact location of the rectal 
thermometer. Temperature measurements at any single point between 5 and 
12-5 om within the rectum would have allowed the same general conclusions 
to be drawn. 
DISCUSSION 

The purpose of this investigation was to determine the extent to which the 
rectal temperature could be regarded as representative of other deep body 
temperatures when the heat content of the body was mising as a result of 
environmental heat stress. While it is unlikely that the temperature at any 
one location is truly representative of deep body temperature (Bazett, 1927), 
the temperature of the blood leaving the left side of the heart was chosen for 
comparison with that of the rectum as it has been suggested by Eichna et al. 
(1951) that the blood in the left ventricle is representative of the ‘weighted 
average temperature of the mixed blood of the body’. Perhaps this could be 
more clearly defined as the ‘mean temperature of the circulating blood’, for 
at this point in the circulation, the total venous return blood has become 
pooled and well mixed, and its temperature is the mean of that of the warm 
streams of blood returning to the heart from areas of heat production, and of 
the cool streams of blood returning from peripheral areas of heat loss. Includ- 
ing any further thermal exchange which may occur in the pulmonary circula- 
tion, these opposing thermal influences will combine to give a steady mean 
temperature so long as heat production and heat loss are balanced! Any 
disturbance of this balance will cause an immediate change in the tempera- 
ture of the blood in the left ventricle and in the major arteries into which the 
left ventricle empties. 

The mean temperature of the circulating blood is not the same thing as the 
mean temperature of the body because of variations in the degree of peripheral 
vasoconstriction, although when there is maximum vasodilatation the one 
temperature may approximate closely to the other. Similarly, except when 
there is maximum vasodilation, a change in the mean temperature of the 
circulating blood does not necessarily indicate a change in the heat content of 
the body, but could also be brought about by a change in the distribution of 
heat. However, in the bovine animal, peripheral vasodilatation is probably 
maximal before there is any upward change in deep body temperature due to 
environmental heat stress (Beakley & Findlay, 19555) and it may be assumed 
that upward changes in the mean temperature of the circulating blood, during 
exposure of the calf to high environmental temperatures, do represent changes 
in the heat content of the body, and not simply a redistribution of heat. 

Preliminary experiments on the anaesthetized animal had shown that there 
was no detectable change in the temperature of the blood as it passed from 
within the left atrium to the point of bifurcation of the bicarotid trunk into 
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the common carotid arteries. However, it was observed that, if the thermo- 
junction made contact with the ventricular wall, the temperature increased 
by up to 0-5° C owing to the higher temperature of the active cardiac muscle. 
There could be no certainty that a thermocouple fed into the ventricle would 
remain free within the lumen, and the location of the thermocouple in the 
path of the arterial blood immediately after ejection from the left ventricle 
was, therefore, preferred. 

The relationship between 7; —T; and the rate of change of 7;, is suggestive 
of a thermal lag in the rectum, and this explanation is supported by two 
observations: (1) Upon insertion the rectal thermocouple took about 5 min to 
- give a steady temperature measurement, although its time constant was less 
than 0-5 min when it was plunged into a well-stirred water-bath. (2) When 
the humidity was lowered at the end of an experiment at 40°C with high 
humidity, TZ, continued to rise, or remained steady, for 5-10 min while 7, 
started to fall immediately. 

The validity of rectal temperature as a measure of other deep body tempera- 
tures is dependent, therefore, upon the rate of change of the heat content of 
the body. However, in most climatic studies this is sufficiently gradual to 
cause no serious error if rectal temperature is used as a measure of the magni- 
tude of change of other deep body temperatures. 

While no comparable studies on other species have been reported, the 
dependence of the difference between rectal and other deep body temperatures 
upon the rate of change of the heat content of the body can be deduced from 
the observations of Behnke & Yaglow (1950), Cranston ef al. (1954) and 
Cooper et 855 on man, and from the studies of Mather et al. (1953) on 
the dog. use of rectal temperature as a measure of deep body temperature 
is probably limited by a similar thermal inertia of the rectum in these and 
other mammals, and this may be of considerable importance in experiments 
where the heat content of the body is raised or lowered rapidly as in studies of 
hypothermia. 

A similar difference between the temperature in the rectum and that of the 
blood in the major arteries has been found in man (Eichna, 1949; Horvath 
et al. 1950) and in the dog (Mather et al. 1953) when at, or close to, thermal 
equilibrium. A common explanation for this difference would seem likely. 
Since the temperature of the blood leaving the left side of the heart can be 
regarded as the mean temperature of the circulating blood, it follows that it 
can be used as a ‘standard’ temperature with which other body temperatures 
can be compared. If the temperature anywhere else in the body is higher than 
that of the blood leaving.the heart, then the tissues at that other location 
must be influenced more by processes of heat production than by processes 
of heat loss, and the converse will be true if the temperature is lower. It is 
therefore apparent that the rectum is influenced predominantly by processes 
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of heat production. Since Grayson (1951) found a reduction in the blood supply 
to the human rectum caused a fall in rectal temperature, it is unlikely that 
the rectum is itself an appreciable source of heat production. This suggests that 
the temperature of the rectum is affected by other heat-producing organs 
within the body cavity which have warmed the blood supply to the rectum. 
This conclusion does not contradict the findings of Mead & Bonmarito (1949) 
that the rectal temperature in man is lower at a depth of 20 cm (8 in.) than 
elsewhere. This is due to the close proximity of the rectum at'this depth to 
veins carrying cool blood from the periphery. A rectal thermometer is not 
usually inserted to this depth. It is not known whether a similar drop in 
rectal temperature occurs at greater depths in the calf, but between 5 and 
12-5 cm there was a negligible thermal gradient, and the temperature was 
always higher than that of the blood in the bicarotid trunk. 


SUMMARY 

1. A method is described for the chronic implantation of a polythene- 
covered thermocouple within the bicarotid trunk of the calf. 

2. A comparison has been made of the relationship between the temperature 
in the rectum (7;) and that of the blood in the bicarotid trunk (7) under 
various degrees of heat stress. 

3. It was found that 7;, was 0-2-0-3° C less than 7;,, while body tempera- 
tures were steady. This difference was independent of environmental tempera- 
ture per se but was related to the rate of change of the heat content of the body 
resulting from adverse environmental conditions. As the rate of rise of 7; 
imereased, the difference between 7; and 7;, decreased. When body tempera- 
ture was falling the difference increased. 

4. This difference between T7;, and 7; is attributed to the ‘thermal inertia’ 
of the rectum. 

5. The significance of 7; as a measure of the mean temperature of the 
circulating blood is discussed. 

6. The temperature gradient between 5 and 12-5 cm within the rectum was 
measured and found to be inappreciable. 


I am most grateful to Mr W. Nisbet for his unfailing help with the instrumentation of the 
climatic chamber and for designing and constructing the special thermocouple assemblies. I also 
thank Drs J. D. Findlay and W. R. Beakley for their advice and encouragement, and Dr A. M. 
Nisbet and Mrs Valeria Stewart for their expert assistance with the operations and experiments. 
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A COMPARISON OF THE TEMPERATURE OF THE BLOOD IN 
THE PULMONARY ARTERY AND IN THE BICAROTID TRUNK 
OF THE CALF DURING THERMAL POLYPNOEA 


By JOHN BLIGH* 
The Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 14 December 1956) 


The expression ‘evaporative heat loss from the lungs’ is common in physio- 
logical literature, but it is far from clear where this evaporation takes place. 
Studies of the conditioning of inspired air in man have produced conflicting 
opinions. Christie & Loomis (1933) and Burch (1945) concluded that a con- 
siderable uptake of water by the inspired air occurs deep in the substance of 
the lungs, while Cole (1954) concluded that the inspired air is almost fully 
saturated with water vapour before it reaches the trachea. 

Evaporation from the respiratory surfaces of the lungs is not a principal 
channel of heat loss in man. The location of the evaporative surfaces in the 
respiratory system of man is therefore of no great physiological importance 
except, perhaps, at very high and at very low environmental temperatures. 
However, in animals such as cattle, which increase their rate of respiration 
many times in response to thermal stress, as much as 35%, of the total heat 
production is dissipated by evaporation from the respiratory tract when the 
animal is panting (Kibler & Brody, 1956). Clearly, the location of the 
evaporative surfaces in the panting mammal is of considerable consequence, 
since any great rise in pulmonary ventilation in order to increase evaporative 
heat loss could be accompanied by an alkalosis of respiratory origin. Some 
degree of hyperventilation does occur in cattle when heat stress is severe 
(Dale & Brody, 1954; Bianca, 1955), but the panting respiratory movements 
are rapid and shallow and can be maintained for many hours. It is therefore 
reasonable to believe that evaporation occurs principally in the respiratory 
passages, and that no great increase in alveolar ventilation takes place. If 
the non-alveolar respiratory surfaces are adequate for the increased evapora- 
tion during panting, it is axiomatic that they must be adequate also at normal 
rates of respiration, and it is likely to be so also in non-panting mammals such 
as man. 

* Present address: A.R.C. Institute of Animal Physiology, Babraham, Cambridge. 
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Heat loss from any surface will result in cooling of the venous drainage from 
that surface. If evaporative cooling occurs at the alveolar level the blood in 
the pulmonary circulation will be cooled and there will be a difference in the 
temperature between the right and left sides of the heart. The object of the 
experiments reported here was to find out, by means of thermocouples im- 
planted within the pulmonary artery and the bicarotid trunk, whether any 
cooling of the blood in the pulmonary circulation could be detected when the 
calf was subjected to thermal stress and caused to pant. 


METHODS 


Three Ayrshire bull calves, 4-6 months old, were used. Thermocouples were implanted in both the 
bicarotid trunk and the pulmonary artery. 

The method used for placing a polythene-clad thermocouple within the lumen of the bicarotid 
trunk has been described by Bligh (1957). The structure of the thermocouple assembly was 
modified to delay the fracture of the wires within the body. The outer polythene case had an 
external diameter of 3 mm and a bore of 2mm. Copper and constantan wires (25 s.w.g.) were used, 
the constantan wire being separately encased in a fine polythene sleeve (1 mm external diameter, 
0-5 mm bore). The polythene junction was fused into the sealed end of the outer casing to ensure 
close contact with it. This stouter structure reduced the flexing of the wires, so prolonging their 
use and eliminating short-circuits. Calibration showed the response time of the system to be less 
than 30 sec. Owing to its size the assembly can be used only where blockage of the vessel at the 
point of entry is unimportant. 

In preliminary experiments on anaesthetized animals, no detectable change was found in the 
temperature of the blood as it passed from the left atrium to the point of bifurcation of the bicaro- 
tid trunk into the common carotid arteries. However, it was observed that if the thermojunction 
made contact with the ventricular wall, the temperature increased by up to 0-5° C owing to the 
higher temperature of the active cardiac muscle. Since there could be no certainty that the 
chronically implanted intra-cardiac thermocouple would remain free within the lumen, the loca- 
tion of the thermocouple in the path of the arterial blood immediately after ejection from the left 
ventricle was preferred. 

The thermocouple for insertion into the pulmonary artery was also made from 25 s.w.g. copper 
and constantan wires, threaded into a polythene tube of 1-5 mm external diameter, and 1 mm bore 
and sealed at the thermojunction. Its total length was 45 cm. The polythene casing was threaded 
through the centre of a polythene disk 0-5 mm thick and 2 cm. diameter. This was fused to the 
casing 3~4 om from the thermojunction. The disk had a number of small perforations in a circle 
about 2 mm from its perimeter to facilitate suturing to the arterial wall (Fig. 1). 

The pulmonary artery was approached by transection of the fourth rib on the left side, respira- 
tion being maintained, while the thorax was open, by a positive pressure pump attached to an 
endotracheal tube. The pericardium was opened over the artery, and a purse-string suture of 
about 1-5 om diameter was inserted into the artery wall. This was left ready to pull tightly around 
the polythene tube after its insertion into the artery. The junction end of the thermocouple 
assembly was then held by a ligature in the groove of a ‘winged’ hypodermic needle, the shaft of 
which had heen slit in half longitudinally. The pulmonary artery was punctured by the needle in 
the centre of the purse-string area, and the thermocouple pushed through the puncture as far as 
the disk allowed, so that the inserted portion lay inside the vessel, the junction being directed 
away from the heart. The purse-string suture was immediately drawn tight and tied around the 
polythene tube. The-disk, now lying against the outer wall of the artery, was secured to it by two 
or three sutures through the holes at the perimeter of the disk. The pericardium was then closed 
about the thermocouple tubing. 


4 
: 
‘ 
e 
‘ 
i 
4 
. 


406 JOHN BLIGH 


side near to the sternal junction, and a narrow pathway made through the triangle formed by the 
first rib, towards the wall of the thorax. A hollow needle 20 cm in length and of sufficient internal 
diameter to take the thermocouple tubing was inserted along this pathway. The piercing end of the 
needle was blind and rounded, with a lateral aperture in its wall about 1 cm from the end (Fig. 1 B). 
The needle was pushed through the wall of the thorax into the chest cavity, and brought round 
the inside of the chest wall until the side-opening’ of the needle was visible through the main 
incision. The free end of the thermocouple tubing, which had been temporarily sealed to prevent 
the entry of fluid, was pushed through the needle until it emerged at the neck incision. The needle 
was then withdrawn, leaving the thermocouple tube lying loosely along the inside wall of the 
thoracic cage and emerging in the neck area. The thermocouple wires were carried a little further 
up the neck beneath the skin, brought out through a stab wound and terminated on a Perspex 
button identical with that used for the bicarotid trunk thermocouple (Bligh, 1957). The thoracic 
and neck incisions were closed and air was withdrawn from the thorax. The thermocouple wires 
were brought out through the neck area to provide the longest possible pathway within the thorax. 
This minimized flexing of the wires caused by the pulmonary artery moving to and fro with each 
heart beat. With this procedure the wires remained intact for 5-10 days. Recovery was remarkably 


Fig. 1. A, the polythene-covered thermocouple for introduction into the pulmonary artery. B, the 
special needle with a round blind end, and lateral aperture, for bringing the thermocouple 
wires out of the thorax. 


swift and uneventful, and experiments in the climatic chamber could be started on the third day 
after the operation, thus allowing from 3 to 8 days for experiments with each animal. The location 
of the two thermojunctions within the blood vessels and the pathways of the polythene-clad 
wires to the terminal buttons of the skin of the neck are shown in Fig. 2. 

Perspex protective caps were fitted over the terminal buttons to allow the animal free movement 
in its pen. When it entered the climatic chamber (Beakley & Findlay, 1955), the protective caps 
were removed and the pulmonary artery and bicarotid trunk thermocouples connected to the 
temperature measuring system of the chamber. This system was calibrated to +0-1°C, but 
comparisons between two almost simultaneous measurements could be made to within 0-05° C: 
no attempt was made to record temperature differences of less than 0-05° C. The two thermo- 
couple assemblies, when immersed.in a well-stirred water-bath, gave identical temperature 
measurements within this limit, either when the temperature of the bath was constant, or when it 
was rising at rates comparable to those of the body temperatures recorded in these studies. 

The calves were kept in the climatic chamber for 2-3 hr each day for so long as the thermocouples 
remained intact. Respiration rate was measured with a stethograph. The temperatures of the 
pulmonary artery and bicarotid trunk blood, together with the respiration rate, were recorded 
at intervals of 5 min throughout each period in tho climatic chamber. 

The animal was subjected to environmental conditions of 40° C at low humidity (17 mg/l. 
absolute humidity) and to 40° C at high humidity (45 mg/l. absolute humidity). This last condi- 
tion eliminated virtually all channels of heat loss, and body temperatures rose at a rate deter- 
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mined by that of the animal’s heat production. In the course of some of these experiments at 40° C 
with high humidity, the animal was allowed to breathe air at 40° C and low humidity through a 
mask, so that evaporation could take place only from the respiratory surfaces. 


Pulmonary 


Terminal buttons 
sewn to the skin 


Fig. 2. The location of the thermocouples in the pulmonary artery and in the bicarotid trunk. 


RESULTS 


Table 1 gives the mean temperature difference between pulmonary artery 
blood (7p) and bicarotid trunk blood (7). As may be seen, the difference 
under all the environmental conditions was negligibly small. This was true 
whether evaporative heat loss could occur readily either from the entire body 
surface (40° C, low humidity), or from the respiratory surfaces alone (40° C 
high humidity and the low humidity face mask), or when evaporation from 
the body was drastically reduced (40° C high humidity). 

The results for all three animals were essentially the same. In the experi- 
ment shown in Fig. 3 the calf was exposed to conditions allowing only evapora- 
tive heat loss (40° C, low humidity) for 2 hr. During this period 7, and T, 
were identical except for occasional small deviations of the order of 0-5° C, 
despite an increase in respiration frequency of from 36 to 180/min. After 
2 hr humidity was abruptly raised to a level which almost precluded evapora- 
tive loss (45 mg/l. absolute humidity). Both Tp and 7, remained virtually 
identical and rose at the rate of 3-5° C/hr. When body temperatures attained 
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42° C the humidity was lowered to its previous level, allowing evaporation to 
occur once more. The rise in 7, and 7; ceased, though both remained identical. 
In other experiments (Fig. 4) both temperatures immediately fell when the 
humidity was lowered. 

Fig. 4 shows a similar experiment except that during part of the period of 
high humidity at 40° C the animal breathed low-humidity air through a mask, 
thus permitting evaporation to occur only from the respiratory surfaces. The 
effect of this was to arrest the rate of rise of 7, and 7;,, or in some instances to 
cause a fall in these temperatures. After this initial effect both temperatures 
again rose but at a slower rate. On removal of the mask, the-rate of rise again 
increased, thus illustrating the effectiveness of evaporation from the respira- 
tory system in dissipating body heat. Throughout this experiment, as in the 
others, 7; and 7', were virtually identical. 


Tasie 1. The mean difference between the temperature of the blood in the pulmonary artery 
(T p) and the bicarotid trunk (7',) of the calf during exposure to 40° C environmental tempera- 
ture when evaporative heat loss was unhindered, when it was severely restricted, and when 
unhindered evaporation could occur from the respiratory tract alone. Readings were made 


at intervals of 5 min. 
Environmental temperature 40° C 
Humidity ... Low High High (low in mask) 
No.of Mean rate No.of Mean rate No.of Mean rate 
ead- T,p-T,  (R/ wead- Tp-T, read- Tp-Ty (R/ 
ings sings (°C) min) ings (°C) min) 
Calfno.71 35 +0004 162 W 0 188 8 0 135 
Calfno.72 84 -0005 144 #82 — 0-036 154 42 -0015 136 
Calfno.78 56 +0003 168 #23 + 0-004 197 9 0 176 
All calves 175 - 0-001 158 172 0-014 180 -0-011 149 


Fig. 5 illustrates an experiment in which the effect of evaporation from the 
respiratory tract alone upon the rate of rise of body temperatures is indicated. 
When the humidity was raised at 40° C, 7; and 7; rose together at the rate of 
2-4° C/hr. The low humidity mask was then placed on the animal, and the 
rate of rise of these temperatures decreased to 1:7° C/hr. Approximately 
30% of the animal’s heat production was then being lost by evaporation from 
the respiratory tract, but no difference between Tp and T, was detected. 

When all the experiments were considered, the thermal gradient indicated 
by the occasional deviations between 7, and 7, occurred at random in either 
direction. These small deviations were apparently of no physiological sig- 


nificance, and were probably due to slight fluctuations in the temperature 
measuring system. 
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Fig. 3. The bicarotid trunk temperature (©) and the pulmonary artery temperature (@) of a calf 
during exposure to an environmental temperature of 40° C. Between the two vertical lines 
the humidity was high; outside the vertical lines humidity was low; where no bicarotid 
trunk temperature is shown, the two body temperatures were identical. 
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Fig. 4. The bicarotid trunk temperature (©) and pulmonary artery temperature (@) of a calf 
when exposed to an environment of 40° C. Between the two vertical lines the humidity was 
high: outside the vertical lines the humidity was low; between the two arrows, the animal 
was allowed to breathe low humidity air at 40° C through a face mask; where no bicarotid 


trunk temperature is shown, the two body temperatures were identical. 
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Fig. 5. The bicarotid trunk temperature (©) and pulmonary artery temperature (@) of a calf 
when exposed to an environment of 40° C: only on one occasion were the two readings different. 
Between the two vertical lines the humidity was high ; outside the vertical lines the humidity 
was low; between the two arrows the animal wae allowed to breathe low humidity air at 
40° C through a face mask; the effect of evaporation from the respiratory system alone upon 
the rate of rise of body temperatures is indicated. 


DISCUSSION 


As can be read in the lectures of Bernard (1876) the effect of respiratory 
activity on the temperature of the blood in the pulmonary circulation has 
been the subject of speculation and experimental study for more than 200 years. 
Bernard, using sheep and dogs, found the temperature of the blood in the left 
heart was 0-1-0-2° C lower than that of the blood in the right heart. Heiden- 
hain & Kérner (1871) found a similar difference and showed this difference 
to be independent of the temperature and humidity of the inspired air. They 
concluded that the temperature difference was due to a transfer of heat across 
the diaphragm from the abdominal organs of heat production to the blood in 
the right ventricle. Bernard (1876) rejected this view, because Hering (1850) 
had found that the temperature of the blood in the right ventricle was higher 
than that in the left ventricle of the ectopic heart of the otherwise normal 
young calf, and Bernard suggested that, if the temperature difference was 
not directly produced by the temperature and humidity of the inspired air, 
there might be other endothermic physico-chemical phenomena associated 
with the exchange of gases at the alveolar membrane. 

More recent studies have not confirmed the existence of a fall in temperature 
between the right and left sides of the heart. A.C. Burton & H .G. Armstrong of 
Western Ontario and 8. M. Horvath of Iowa (private communications) have 
found independently that in the dog the temperature in the left ventricle was 
up to 0-7° C higher than that in the right ventricle. Burton & Armstrong 
found that this difference was independent of the temperature of the inspired 
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air (+4°C to —40°C) and attributed it to various exothermic physico- 
chemical reactions in the lungs. Mather, Nahas & Hemingway (1953), how- 
ever, using the angiostomy technique on the unanaesthetized dog, found the 
temperature of the blood in the left atrium to be lower, but only 0-01° C lower, 
than in the right atrium at 20° C air temperature, and 0-03° C lower at —18° C 
air temperature. 

_ The present experiments show that there is negligible cooling of blood in the 
pulmonary circulation of the calf, even when its respiratory frequency is 
approaching 200/min and up to a third of the total heat production is being 
lost by evaporation from the respiratory surfaces. 

The immediate depression of both 7, and 7, when the low humidity mask 
was placed on the animal during an experiment at 40° C and high humidity 
(Fig. 4), is evidence of a sudden influx of cool venous blood to the right side of 
the heart. Coupled with the absence of any difference between T, and 7;, this 
supports the conclusion that the principal evaporative surfaces are in that 
part of the respiratory system with a venous drainage to the right atrium. 

The result of this investigation, together with the observations of Mather 
et al. (1953) and Cole (1954), confirms the conclusion arrived at by Heidenhain 
& Korner (1871) that the inspired air is both adjusted to deep body tempera- 
ture and humidified before the alveoli aro reached. 

The possibility of a heat gain in the left heart exactly balancing a heat loss 
in the pulmonary circulation is discounted by the absence of any change in 
the relationship between T, and T, when the humidity was raised at 40° C 
environmental temperature, severely reducing all evaporative heat loss. The 
only thermal reaction occurring at the alveolar level which might conceivably 
influence the temperature of the blood in the pulmonary circulation is the 
endothermic breakdown of carbonic acid. The carbon dioxide production of a 
100 kg calf would cause a heat absorption of about 100 cal/min. If the cardiac 
output of the calf is put at the conservative figure of 51/min the temperature 
of the blood in the pulmonary circulation would be lowered by only 0-02° C. 
This heat exchange is negligible and does not invalidate the conclusion that 
the greater part of heat loss by evaporation cannot occur at the alveolar level. 


SuMMARY 


1. Iffiproved techniques for the implantation of polythene-clad thermo- 
couples within the major blood vessels are described. 

2. By means of thermocouples implanted within the pulmonary artery 
and within the bicarotid trunk of three calves, 4-6 months old, a comparison 
was made of the temperature of the blood at these two points under conditions 
of maximum evaporative cooling from the respiratory system. 

3. Within the limits of accuracy of the temperature measuring system 
(0-05° C) there was no temperature difference. It is concluded that even during 
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maximum evaporative cooling in the panting animal, negligible evaporation 
occurs at the alveolar level. 

4. On this evidence it is suggested that the term ‘cooling in the respiratory 
passages’ is more accurate than ‘cooling in the lungs’. 


I am indebted to Mr W. Nisbet for designing and manufacturing the thermocouple assemblies, 
and to Dr A. M. Nisbet and Mrs V. Stewart for their skilful assistance with the operations. 
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THE INITIATION OF THERMAL POLYPNOEA IN THE CALF 


By JOHN BLIGH* 
From the Hannah Dairy Research Institute, Kirkhill, Ayr 


(Received 14 December 1958) 


There is good evidence for an anatomically discreet ‘heat-loss’ centre in the 
hypothalamic region of the brain. Electrical stimulation of this area has been 
shown to simulate closely the effect of a sudden rise in environmental tempera- 
ture, causing the rapid onset of polypnoea and cutaneous vasodilatation in the 
conscious goat (Andersson, Grant & Larsson, 1956), and cutaneous vasodila- 
tation alone in the anaesthetized cat (Strém, 19506). The temperature sensi- 
tivity of this centre has also been demonstrated (e.g. Magoun, Harrison, 
Brobeck & Ranson, 1938; Folkow, Strém & Unvis, 1949; Strém, 1950a, 5), but 
it is not yet clear whether the centre responds to changes in the temperature of 
its own environment in the intact animal, or whether nervous excitation of 
peripheral origin can be an adequate stimulus to activate heat loss mechan- 
isms, The aamataption, based upon the temperature sensitivity of the “heat 
loss’ centre, that ‘in the intact animal an increase in body temperature 
activities a co-ordinate heat loss mechanism including polypnoea or panting, 
cutaneous vasodilatation and sweating’ (Folkow et al. 1949) is open to doubt. 
Randall, Deering & Dougherty (1948) have shown that the stimulus to sweat- 
ing in man, and Kerslake (1955) has shown that the control of the rate of sweat 
secretion, can both be attributed entirely to peripheral temperature stimula- 
tion. Beakley & Findlay (1955) showed that in the calf a moderate thermal 
stimulus of less than 30° C air temperature caused an increase in respiration 
rate unaccompanied by any rise in rectal temperature, and suggested that the 
stimulus to thermal polypnoea is also peripheral in origin. 

This latter observation supports the conclusion of Sihler (1879, 1880) that 
the normal stimulus to panting in the dog must be entirely reflex from the 
periphery. However, most other studies of thermal! polypnoea, while incon- 
clusive, have tended to favour a central as well as a peripheral thermal com- 
ponent. Hammouda (1933), Vicek (1937), Hemingway (1938), and Lim & 
Grodins (1955) have doubted the existence of a purely peripheral reflex, and 
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conclude that the initiation of panting is a mixed phenomenon involving both 
an elevation of the temperature of the blood and nervous impulses of cutaneous 
origin. An attempt by Forster & Ferguson (1952) to observe the actual tem- 
perature in the central region of temperature regulation during the initiation 
of thermal polypnoea in cats, by means of thermistors implanted within the 
hypothalamic tissue, was inconclusive. With some animals a rise in hypo- 
thalamic temperature occurred before the onset of panting, while with others 
panting preceded a rise in temperature. There has, in fact, been no clear 
evidence that a change in the temperature of the blood supply to the brain 
must occur before thermal polypnoea is initiated. 

In the experiments reported here the temperature of the blood in the bicaro- 
tid trunk of the unanaesthetized dalf was kept under observation while the 
animal was subjected to a sudden increase in environmental temperature. It 
was then possible to determine whether or not the onset of polypnoea occurred 
before there was any change in the temperature of the blood supply to the 
brain. 


METHODS 

Three Ayrshire bull calves, 4-6 months old, were used. A polythene-clad copper-constantan 
thermocouple was inserted into a carotid artery so that the thermojunction lay below the point 
of bifurcation of the bicarotid trunk into the common carotid arteries. The thermocouple wires 
were brought to a terminal button sewn to the skin of the neck region. When the animal was taken 
into the climatic chamber, the thermocouple could be connected to the temperat 

system of the chamber, while at other times, the animal was able to move about freely in its loose- 
box. This technique has already been described (Bligh, 1957, 6). 

The calf was taken into the chamber which had its temperature pre-set at 20° C. Skin tempera- 
ture was measured on both flanks by means of fine copper-constantan thermocouples (Beakley & 
Findlay, 19554), and respiration rate was recorded by a stethograph. Air temperature (7',), 
bicarotid-trunk blood temperature (7',), skin temperature (7',) and respiration rate were recorded 
at intervals of 5 min throughout the experiment. After 60 min at 20° C the air temperature was 
raised as rapidly as possible (about 1° C/min) to 40° C, and maintained at this temperature for 
100 min. This procedure was repeated six times on each animal. 

After six experiments on each animal, a final experiment, following the same pattern, was 
conducted under pentobarbitone sodium anaesthesia (20 mg/kg intravenously for induction and 
4 mg/kg/hr intravenously for maintenance). At the conclusion of this experiment, the calf was 
killed’ and the position and condition of the bicarotid-trunk thermocouple was determined. In 
each case, the couple was found to be lying in free-flowing blood in the bicarotid trunk, close to the 
point of origin of the vertebral arteries, and free of any blood or fibrin clot. 


RESULTS 


The mean values for all eighteen experiments are shown in Fig. 1A. There 
was no upward change in 7; during the first 30 min after 7, was raised. 
Tz then started to rise quite slowly (about 0-36° C/hr). On the other hand, 
both 7, and respiration rate had started to increase within 5 min of 7’, being 
raised. Respiration rate increased from 38 to 106/min during the first 30 min 
and there was no alteration in the rate of increase when 7, started to rise 
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slowly. The individual experiments did not differ from this over-all picture in 
any essential point. Fig. 1 B shows the results for one individual experiment 
as an example. In some instances, the onset of panting was delayed for as 
long as 15 min after the rise in 7,, but even so the increase in respiration rate 
preceded any rise in 7. Sometimes there was even a slight fall in 7, coin- 
cident with the increase in respiration rate. With one animal on one occasion 
the climatic chamber experiment was made before the thermocouple was 
placed in the bicarotid trunk, and the surgical procedure was shown to have 
no effect upon the initiation of panting. 
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Fig. 1. (A) The onset of thermal polypnoea in the unanaesthetized calf; the mean obtained from 
eighteen experiments (six on each of three animals). (B) The onset of thermal polypnoea in the 
unanaesthetized calf; a typical single experiment. (C) The onset of thermal polypnoea in the 
anaesthetized calf; a typical experiment. The vertical lines indicate the points at which room 
air temperature starts to rise. 

The terminal experiments performed under pentobarbitone sodium anaes- 
thesia gave results in marked contrast to those obtained from the unanaes- 
thetized animal. A typical result is shown in Fig. 1C. When 7, was raised, 
T;, started to rise almost immediately and continued to rise throughout the 
experiment at the rate of about 1-4° C/hr, but there was no change in respira- 
tion rate until 7’, was about 40-5° C when a sudden increase in respiration rate 


occurred. 
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DISCUSSION 


In some studies a distinction has been made between the initiation of thermal 
polypnoea and the onset of panting. In others, the two terms are regarded as 
synonymous. This is confusing as it is not always clear whether the moment 
to which body temperatures are being related is that at which respiration rate 
starts to increase, or the moment, which varies according to definition, at 
which the already polypnoeic animal is deemed to be panting. This study is 
concerned with the thermal stimulus which causes respiration rate to rise 
abruptly from a previously steady level; the point of initiation is taken to be 
that at which respiration rate starts to rise. 

It is clear from these experiments that the initiation of thermal polypnoea 
in the unanaesthetized calf can occur before there is any upward change in the 
temperature of the blood supply to the hypothalamic centres. By inference, 
the necessary thermal stimulus is entirely peripheral in origin. This conclusion 
is in general agreement with that of Sihler (1880), who showed that the stimu- 
lus to panting in the conscious dog acts peripherally, and of Richet (1898) who 
also found no rise, and sometimes even a slight fall, in rectal temperature 
when the unanaesthetized dog started to pant. 

Richet further showed that in the anaesthetized dog, there was no rise in 
respiration rate until the rectal temperature reached 41-7° C. The behaviour of 
the anaesthetized calf is similar. There was no increase in respiration rate 
until 7;, reached 40-5° C but at that temperature panting began. In both 
the unanaesthetized dog and calf respiration rates have been observed to 
reach peak values long before such levels of deep body temperature were 
attained. Direct temperature sensitivity of the hypothalamic centre could 
have played no part in the normal initiation of thermal polypnoea. Heming- 
way (1938) objected that, under anaesthesia, the direct temperature sensi- 
tivity of the c.n.s. may be depressed, but Sihler (1880) seems to have covered 
this point when he showed the dependence of the peripheral stimulus upon 
nervous pathways to the c.n.s. He divided the cord of the conscious dog at 
the lower cervical level, and then heated the trunk and lower limbs. Panting 
then no longer occurred until the deep body temperature had risen to about 
42° C which is close to the temperature at which panting starts in the anaes- 
thetized dog. 

The temperature at which thermal polypnoea is initiated by the direct 
application of heat to the hypothalamic ‘heat loss’ centre is also considerably 
higher than normal deep body temperature. Magoun et al. (1938) found it 
necessary to heat this area in the dog to between 40-5° and 43° € in order to 
induce panting. Folkow et al. (1949) obtained peripheral vasodilation in the 
cat by raising the hypothalamic temperature by 0-5-1-0° C but this did not 
cause panting. 
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There has been no report of a rise in deep body temperature to 40° C or 
more before the onset of polypnoea in the conscious animal. Most recent 
investigators have concluded that the thermal stimulus to panting, while 
largely peripheral, is probably not entirely so (Hammouda, 1933; Vicek, 1937; 
Hemingway, 1938; Lim & Grodins, 1955; Andersson et al. 1956). However, 
the evidence for the existence of a direct central thermal component in the 
initiation of polypnoea is based upon quite small changes in rectal temperature 
which in some instances have preceded an increase in respiration rate (Heming- 
way, 1938) or which have occurred before an already polypnoeic animal 
started to ‘pant’ (Andersson ef al. 1956). It is also based on the inconclusive 
observations of Forster & Ferguson (1952) that in five of seven cats the 
hypothalamic temperature increased by up to 1-25° C before panting started, 
while in the other two cats panting occurred before there was any rise in 
hypothalamic temperature. Against this evidence are the observations of 
Sihler (1880), Richet (1898) and Hammouda (1933) that thermal polypnoea 
started before there was any rise in rectal temperature. 

It does not follow that, if the thermal stimulus to panting is entirely peri- 
pheral, the initiation of thermal polypnoea will always precede any rise in 
deep body temperature. This occurs only when the peripheral stimulus is 
adequate. In a preliminary experiment on the calf, when room air temperature 
was raised quite slowly the point of onset of polypnoea was not then sharply 
defined, and the temperature of the blood supply to the brain had started to 
rise before respiration frequency had deviated sufficiently from its previous 
level to be called polypnoeic. However, there is no reason to assume that this 
increase in deep body temperature was instrumental in the onset of polypnoea. 
When the increase in environmental temperature is gradual, accommodation 
of the temperature sensitive nerve endings may prevent an adequate stimulus 
to panting from reaching the C.N.s. until after the progressive decline in non- 
evaporative heat loss channels has caused a rise in deep body temperature. 

The conclusion must be not only that the thermal stimulus leading to poly- 
pnoea is entirely peripheral in the calf, but also that there is no clear evidence 
for a central as well as a peripheral component to the stimulus in other panting 
mammalia which have been studied. The thermal stimulus to polypnoea in the 
dog is almost certainly without a deep body component, despite the contrary 
views of some recent investigators. 

An advantage of an entirely peripheral stimulus to thermal polypnoea is 
. that it permits the animal to increase the evaporative heat loss from the 
respiratory system as soon as an adverse increase in environmental temperature 
takes place, and before there is any appreciable rise in the heat content of the 
body. In this way the rapid onset of thermal polypnoea serves as a buffer 
mechanism which prevents any sudden rise in deep body temperature, rather 
than an adjusting mechanism to counter such a change. 
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In the terminal experiments conducted under anaesthesia the response to 
peripheral stimulus was completely abolished. The bicarotid trunk blood 
temperature started to rise almost as soon as the air temperature was raised, 
although heat production must have been considerably less than in the 
conscious standing animal. This supports the suggestion that the rapid onset 
of polypnoea serves to prevent the increase in the deep body temperature. 


SUMMARY 


1. A thermocouple was implanted chronically within the bicarotid trunk of 
calves, and the animals exposed to a rapid increase in environmental tempera- 
ture from 20 to 40° C. 

2. A marked increase in the frequency of respiration took place before there 
was any increase in the temperature of the blood supplying the brain. 

3. It is concluded that the thermal stimulus responsible for panting acts 
entirely at the periphery. 

4. The view is expressed that the same may be true of other mammals 
that pant when exposed to heat stress. 


I am grateful to Dr J. D. Findlay for many helpful discussions. I also thank my colleague Mr W. 
Nisbet who devised and made the implanted thermocouple assembly, and Mrs Valeria Stewart for 
her skilful assistance. 
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PHARMACOLOGICAL STUDIES ON SPINAL REFLEXES 


By D. R. CURTIS, J. C. ECCLES anp ROSAMOND M. ECCLES 
WITH AN APPENDIX By G. J. WINSBURY 


From the Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 31 December 1956) 


There is now convincing evidence that the transmission at synapses in the 
central nervous system takes place by means of chemical transmitter sub- 
stances (Eccles, 1953, 1957; Fatt, 1954; Perry, 1956), but nevertheless the 
several chemical substances which are responsible for synaptic transmission 
in the various reflex responses of the spinal cord have not been identified. The 
problems involved in their isolation and testing are considerable (Gaddum, 
1955). However, following the discovery of the peripheral role of acetyl- 
choline and adrenaline there have been many investigations of the effects 
upon spinal reflexes of these and related substances. The investigations upon 
spinal reflexes with substances having known effects at peripheral cholinergic 
junctions have been summarized by Feldberg (1945, 1950). The great vari- 
ability and often contradictory nature of the results of some of these investiga- 
tions are partly explicable by differences in the preparations that are used for 
the testing. A further cause of variation arises because the changes produced 
in a reflex may be due to a primary action of the drug on nerve cells which are 
not directly concerned in the reflex, but which, nevertheless, may secondarily 
modify it by the impulses that they discharge. However, there is general 
agreement that, when administered by intravenous or by intra-arterial injec- 
tions, nicotine depresses monosynaptic reflexes such as tendon jerks and that 
acetylcholine has a similar action when given intra-arterially or even intra- 
venously if the cholinesterase is inactivated (Schweitzer & Wright, 1937a, }, 
1938; Libet & Gerard, 1938; Biilbring & Burn, 1941; van Harreveld & 
Feigen, 1948; Taugner & Culp, 1953). 

In the present investigation several substances have been tested in an 
attempt to find chemical compounds with specific actions on spinal reflexes, 
and to discover the manner of their action. Hitherto it has been too readily 
assumed that the changes produced in reflexes have been due to direct 
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pharmacological action on motoneurones, whereas it now appears that it has 
been impossible to establish a single example of direct action. In particular, 
several pharmacological agents have been shown to modify monosynaptic 
reflexes by acting on the interneurones (Renshaw cells) that lie on the inhibi- 
tory pathway from motor-axon collaterals to motoneurones (Eccles, Fatt & 
Koketsu, 1954; Eccles, Eccles & Fatt, 1956). A preliminary report of this 
present investigation has already been published (Curtis, Eccles & Eccles, 
1955). 
METHODS 


The animal (cat) has been under light pentobarbital anaesthesia and the spinal cord has been 
transected at the first lumbar segment. The actions of injected drugs have been tested by mono- 
synaptic reflexes that have been recorded from the seventh lumbar (L7) or first sacral (S 1) ventral 
root following stimulation of the corresponding dorsal root. In order to eliminate complications 
which the injections may evoke by discharge from receptor organs (see below), all other dorsal 
roots on both sides of the cord from the second lumbar to third sacral segments were usually 
crushed without damaging the associated blood vessels. 

Since the effecte of the intra-arterially injected drugs were often fleeting the testing by maximal 
monosynaptic reflexes had to be repeated as frequently as once or even twice a second. Occasion- 
ally the testing reflex was facilitated by an earlier submaximal excitatory volley in order to obtain 
a sufficiently large and stable response at these frequencies. In several experiments the stimulus 
intensity was increased so that polysynaptic reflexes could also be recorded. Alternatively these 
polysynaptic reflexes were recorded from an adjacent ventral root in the absence of a monosynaptic 
response (cf. Fig. 4B). 

Intra-arterial injections were made into the lower aorta with a polythene cannula inserted via 
the right femoral and right external iliac arteries (cf. Bilbring, Burn & Skoglund, 1948). As shown 
in Fig. 1, all the branches of the aorta below the renal arteries were ligated, with the exception of 
the lumbar arteries, the lower aorta thus becoming a blind sac into which the injections were 
made. During the exposure of the spinal cord as many as possible of the branches of these vessels 
supplying the lumbar muscles were ligated. It was important to preserve the blood supply of the 
lumbo-sacral segments of the spinal cord by leaving intact the radicular arteries accompanying 
the ventral roots, both those that were cut and those that were left undisturbed. Usually there was 
one artery accompanying each root, but in several preparations one larger artery supplied two 
segments, The polythene cannula was flushed from time to time with saline containing heparin, 
and the spinal cord circulation was occasionally checked by the injection of 1:1000 Evans blue 
solution in saline, which under the microscope could be seen to flow through the segmental arteries 
and then the dorsal surface veins. The carotid blood pressure was recorded with a mercury mano- 
meter and was also observed upon a second oscilloscope by making use of the apparatus described 
by Ross & Suckling (1956). The animal received heparin 1.v. 100 u./kg every 3-4 hr. 

In several experiments reflexes elicited by dorsal root stimulation were recorded peripherally 
from various transected muscle nerves on the left side. The central end of the left renal artery was 
anastomosed to the left external iliac artery using a short length of polyvinyl chloride tubing 
(Fig. 1, PVC). In this way an adequate blood supply to the sciatic nerve and its branches was 
obtained without interfering with the aortic sac into which the injections were made. 

Unless otherwise stated, all the drugs were administered by intra-arterial injections, being 
made up to a constant volume (1 ml.), which initially was given manually at a fairly constant 
rate (1 ml./2 sec). In later experiments a rapid injection device was used, which delivered in a 
regularly repeatable manner 1 ml. in 1 sec (see Appendix and Fig. 10). Usually, in any one series, 
five control reflexes were photographed before the injection. In order to secure a control level of 
the reflex spike height, the reflex was recorded on the lower beam of a two-beam oscilloscope and 
the upper beam was adjusted until, over a period of several minutes, it was at the level of the 
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average reflex spike (cf. Fig. 2). This control level determined the 100% size for the plotted curves 
(cf. Figs. 3 and 5-8). However, on account of random fluctuations the three to five control reflexes 
plotted in the various figures before the arrow signalling the injection may lie about a mean value 
slightly above or below the 100% line. It was necessary to allow 10-15 min between injections in 
order to obtain comparable depressions with successive injections. No response was ever obtained 
with injections of physiological saline or buffered Ringer-Locke solution. The drugs used were 
dissolved in a buffered Ringer-Locke solution of pH 6-9-7-1 and the injected solutions were 
within this pH range. Both acetylcholine chloride and bromide (Hoffmann-La Roche) were used 
and gave the same results. In the reported experiments, 'acetylcholine chloride was used and doses 
as given are of this salt. Nicotine was used as the pure alkaloid. 


Renal art. 


PVC 


Fig. 1. Diagrammatic representation of the abdominal aorta viewed from the ventral side showing 
the branches ligated and the position of the tip of the polythene cannula. The lumbar arteries 


are shown arising from the dorsal surface of the aorta and then passing laterally. The poly-— 


vinyl chloride tube (PVC) anastomoses the left renal artery to the left external iliac artery. 


RESULTS 


When all the lumbar dorsal roots were either cut or crushed, the testing 
monosynaptic reflex in L7 and 81 segments was almost invariably depressed 
transiently by injections of acetylcholine or nicotine. Fig. 2 shows two series 
of maximum monosynaptic reflexes that were depressed by injections of 
100 ng of acetylcholine (A series) and 25 yg of nicotine (B series). The injection 
of the drug commenced at the time of the arrow, immediately after the pre- 
ceding reflex spike. Within a second there was a slight depression of the next 
reflex, and further depression was observed with the subsequent reflexes, 
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maximum depression occurring at 4 and 7 sec respectively. The two series of 
Fig. 2 are plotted in Fig. 3 in order to show the typical time courses of the 
depressions, that for acetylcholine being more transient, having disappeared 
by 12 sec, in contrast to the small depression still present 50 sec after the 
nicotine injection (cf. Fig. 2). In any one experiment, increase in the amount 
injected increased both the size and duration of the depression, though with 
large doses the depression reached a maximum, and further increase served 
only to prolong its duration. In a few experiments doses of acetylcholine as 
large as 200 wg had little or no effect, whereas the usual depression was pro- 
duced by 10-50 yg of nicotine. 


Ach 100 ug 


Nicotine 25 wg 


Fig. 2. Monosynaptic reflex spikes were evoked by a L7 dorsal root volley at a frequency of 1/sec 
and recorded monophasically in the L7 ventral root. The individual spikes had a duration of 
about 1 msec but the brief gaps between them represent 1 sec. In the upper series (A) the 
arrow signals the intra-arterial injection of 100 ag of acetylcholine which results in a depres- 
sion of the reflex for about 10 sec. In the lower series (B) 25 yg of nicotine produced a large 
depression of greater duration. The first fifteen reflexes after this injection were recorded and 
then groups of three beginning at the indicated intervals after the injection. The horizontal 
line formed by the other beam of the oscilloscope was adjusted at the mean summit heights 
for a long series of reflex spikes immediately before the injection. Cat atropinized. 


Both drugs also depressed polysynaptic reflexes at the same time as mono- 
synaptic. For example in Fig. 4A, immediately after the injection of nicotine, 
there was a diminution of the small polysynaptic reflex that followed the large 
monosynaptic response, and in Fig. 4B 100 wg of acetylcholine produced a 
considerable depression of the large polysynaptic reflexes which an 81 dorsal 
root volley evoked both in L7 and 81 ventral roots, and of the small mono- 
synaptic reflex in $1 ventral root. 

Reflex depressions such as those illustrated in Figs. 2-4 had largely dis- 
appeared before any change occurred in the systemic blood pressure. When 
acetylcholine was injected in the absence of prior dosage with atropine, the 
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fall of the blood pressure did not commence until about 20 sec after the injec- 
tion. Possibly local vascular changes in the injected areas of the spinal cord 
would precede this fall in systemic blood pressure (see Discussion), but such 
effects could not cause depressions that came on as rapidly as those in Figs. 2 
and 3. In preliminary experiments all the dorsal roots were not severed, and 
under such conditions the reflex depressions occasionally passed over into 
increases of 10-20% which persisted for 10-30 sec. Such effects were dim- 
inished or abolished by de-afferenting the spinal cord more completely, so 
presumably they are attributable to afferent impulses which the injected 
drugs cause to be discharged from receptors (see Discussion). 


Reflex 
& 


20 
0 4 8 12 16 20 24 


Fig. 3. Graphs plotting the size of the reflexes of Fig. 2. The injections were made at the time of 
the arrow and the average reflex size beforehand is shown as 100% on the ordinate scale. 
Each point represents a single reflex response. ©, nicotine 25 ug; @, ACH 100 yg. 


icotine 20 ug 


ACh 100ug 

Fig. 4. A: monophasic records of the reflexes recorded from the L7 ventral root and evoked by 
stimulation of the L7 dorsal root at 2 sec intervals; upper beam set as an indication of the 
size of the monosynaptic spike. 20 yg of nicotine was injected intra-arterially at the time of 
the arrow and both the monosynaptic and the small following polysynaptic reflexes are 
depressed transiently. B: reflexes recorded monophasically from the L7 (upper) and 81 
(lower) ventral roots in response to stimulation of the 81 dorsal root at 2 sec intervals (not 
the same experiment as A). 100 yg of acetylcholine was injected intra-arterially at the arrow 
and there is a depression of both the monosynaptic and the polysynaptio reflexes in these 
segments. Time in msec for each individual record only ; 2 sec intervals between records. 


In view of the reported differences in action of both acetylcholine and 
adrenaline upon the monosynaptic reflexes of the motoneurones of flexor and 
extensor muscles (Bernhard, Skoglund & Therman, 1947; Biilbring ef al. 
1948) several experiments were performed in which monosynaptic reflexes 
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were elicited by stimulation of the L7 and 81 dorsal roots and were recorded 
peripherally from several muscle nerves individually (see Methods). The 
nerves to gastrocnemius, plantaris, flexor longus digitorum, biceps-semitendi- 
nosus and semimembranosus were used. Some of these muscles are indubitably 
extensors (gastrocnemius and plantaris), others flexors (biceps-semitendinosus). 
In all experiments using nicotine and acetylcholine, the monosynaptic reflexes 
from all types of motoneurones were depressed in the same way as with 
the reflexes recorded from the ventral roots. For example, in Fig. 5, 50 ug 
of nicotine injected intra-arterially depressed the monosynaptic reflex of 
the flexor, biceps-semitendinosus (BST), and the extensor, gastrocnemius 
(Gastroc) motoneurones. 


Fig. 5. Moncsynsptis reflexes, by supra-meximel stimulation of the L7 end 51 dorsal 
roots were recorded from the nerves to the posterior biceps di muscle (BST) wg, 


and the gastrocnemius muscle (Gastroc) ©: 50 ug of nicotine injected at the time of the 
arrow depresses both reflexes. 


Since the intra-arterial injection of both acetylcholine and nicotine would 
evoke repetitive discharges of Renshaw cells with a latency and time course 
resembling the effects of Figs. 2-4, and- since Renshaw cell discharges very 
effectively inhibit motoneurones (Renshaw, 1941; Eccles et al, 1954; Eccles 
et al. 1956), it was provisionally postulated that the reflex depressions illus- 
trated in Figs. 2-5 were brought about in this way. A crucial test of this 
hypothesis can be applied by utilizing the powerful and specific depressant 
action which dihydro-f-erythroidine exerts on the responsiveness of Renshaw 
cells to both acetylcholine and nicotine. As shown typically in Fig. 6A, the 
intravenous injection of 0-4 mg/kg of dihydro-f-erythroidine hydrobromide 
diminished reversibly the depression produced by nicotine of the monosynaptic 
reflex response of biceps-semitendinosus motoneurones. In another experi- 
ment (Fig. 6B, C) intravenous injection of 0-8 mg/kg of dihydro-f-erythroi- 
dine hydrobromide completely abolished the depression produced by acety!- 
choline and nicotine of a reflex recorded from a ventral root. Under such 
conditions the responsiveness of Renshaw cells would be expected to be 
greatly decreased, half that dosage causing a tenfold diminution (Eccles 
et a!. 1956), while no significant change could be seen in the responsiveness of 
other neurones in the spinal cord. 3 
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A further test of the Renshaw cell hypothesis is provided by investigating 
the action of strychnine which causes a transient and specific decrease of 
inhibitory synaptic action, including the inhibitory action of Renshaw cells on 
motoneurones (Bradley, Easton & Eccles, 1953; Eccles et al. 1954; Coombs, 
Eccles & Fatt, 1955). In Fig. 7A as would be predicted from the hypothesis, 
the depressant action produced by intra-arterial injection of 50 yg of nicotine 
is seen to be abolished 5 min after an intravenous injection of strychnine, but 
has largely recovered 90 min later. 


Fig. 6. A: monosynaptic reflexes, elicited by stimulation of the L7 and 81 dorsal roots, were 
recorded from the biceps itendi nerve, The depression produced by 50 yg of nicotine 
injected intra-arterially, (], was diminished 2 min after 0-4 mg/kg of dihydro-8-erythroidine 
hydrobromide (DHE) was injected intravenously, +, but partially recovered 1 hr later, © . 
B, C: two series of monosynaptic reflexes from the one experiment recorded from the L7 
ventral root. ©, the depression of the reflex due to intra-arterial injections of 200 pg of 
acetylcholine (B) and 25 yg of nicotine (C); @, the complete abolition of both depressions 
peti the intravenous injection of 0-8 mg/kg of dihydro-8-erythroidine hydrobromide 
( ). 


Figs. 7B, 8A, B illustrate other pharmacological tests which are related to 
the cholinergic activation of Renshaw cells, but which do not provide crucial 
tests of the Renshaw-cell hypothesis. Following an intravenous injection of 
atropine there is in Fig. 7B a small diminution of the depressant action of 
acetylcholine, which would correspond with the small diminution which 
atropine causes in the responsiveness of Renshaw cells (Eccles et al. 1956). 


go Reflex size (%) 


2 


The ix 
sant a 
which 
drugs 
shaw | 
suppr 
obser’ 
A 
> 

a 100 ++ t o 

a0 +t o + 

4 oo 

20 ° D 

Seconds 

60 

0 4 12 16 20 

C Seconds Nicotine 2g 

| 

60 oo 

f 0 4 A 12 16 20 

3 Seconds 
In‘ 
| in do 
| types 
there 
lastin 
adren 
on 
P. Fa 
Ot) 
and f 


PHARMACOLOGY OF REFLEXES 427 


The intravenous injection of eserine was followed by an increase in the depres- 
sant action of acetylcholine (Fig. 8A), but not of nicotine (Fig. 8B), effects 
which parallel its action on the responsiveness of Renshaw cells to these two 
drugs (Eccles et al. 1956). Such a differential action need not implicate Ren- 
shaw cells in the observed reflex depression, for it is attributable merely to the 
suppression of acetylcholine destruction by cholinesterase, and would be 
observed for any site of action of the injected acetylcholine. 


B 

100 

20} 20. 
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Fig. 7. A: from an experiment where the maximal monosynaptic reflexes of the L7 segment were 
depressed by the intra-arterial injection of 50 yg of nicotine. This depression, ©, was 
abolished 5 min after an intravenous injection of strychnine 0-08 mg/kg, @, but 90 min later 
the reflex was again depressed by a further intra-arterial injection of nicotine, (]. B: the 
effect of an intra-arterial injection of 100 ug of acetylcholine, ©, before and @, 5 min after, 
an intravenous injection of atropine 0-5 mg/kg, upon the maximal monosynaptic reflex 
of the 81 segment. 
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Fig. 8. A: same experiment as Figs. 2 and 3 showing the alteration, @, produced 5 min after an 
intravenous injection of eserine 0-2 mg/kg in the time course of the depression of the mono- 
synaptic reflex of the L7 segment of the spinal cord due to an intra-arterial injection of 
acetylcholine, 200 ng, ©. B: from the same experiments as Figs. 2 and 3 showing that the 
depression of the monosynaptic reflex following an intra-arterial injection of nicotine, 25 yg, O, 
is not significantly altered by a previous intravenous injection of eserine, 0-2 mg/kg, @. 


In the present series of experiments adrenaline, noradrenaline and ephedrine 
in doses of 5-100 zg usually had no effect on a monosynaptic reflex of all 
types of motoneurones when given by the intra-arterial route. Occasionally 
there was a slight increase in the reflex starting 7~10 sec after the injection and 
lasting for 30 sec. One of the largest effects is illustrated in Fig. 9A for both 
adrenaline and noradrenaline. Both these drugs and ephedrine have no effect 
on Renshaw cells when injected intravenously (J. C. Eccles, R. M. Eccles & 
P. Fatt, personal communication). 

Other drugs with known actions at peripheral junctional regions were tested © 
and found to have no action on spinal reflexes. Intra-arterial injections of 
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succinylcholine, methylcholine, carbaminocholine in doses of 50-200 pg 
caused no change in spinal reflexes. Sodium adenosine triphosphate (200 yg, 
Fig. 9 B) and histamine (500 yg, Fig. 9C) were similarly ineffective. The results 
of experiments using 5-hydroxytryptamine will be reported in a later com- 
munication. | 


Fig. 9. A: the effect of 40 ug noradrenaline, @, and of adrenaline, ©, administered intra-arterially 
on the maximum monosynaptic reflex evoked by stimulating the L7 dorsal root and recorded 
from the corresponding ventral root. B: the effect of 200 ug of sodium ATP, injected intra- 
arterially at the arrow, on the maximal monosynaptic reflex of the 81 segment. C: sizeof the 
maximal monosynaptic reflex of the L7 segment, © ; at the arrow 500 yg of histamine dihydro- 
chloride was injected intra-arterially. 


DISCUSSION 


Before it can be assumed that the observed changes in the testing reflexes 
were brought about by the direct action of the injected drugs on nerve cells in 
the spinal cord, it is necessary to consider two alternative ways in which the 
change could be produced secondarily to other actions of the drugs. First, the 
drug might directly stimulate receptor organs to discharge impulses alony 
afferent fibres, which in turn could cause the observed changes by excitatory 
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or inhibitory synaptic action on neurones in the spinal cord. If changes in 
reflexes were secondarily produced in this way, the latency of action should not 
be appreciably longer than for direct effects, for the conduction time of afferent 
impulses and their central synaptic action would be no more than a few milli- 
seconds. In our experiments the intra-arterial injection would be applied to 
various structures adjacent to the spinal cord, for example, the meninges and 
the vertebral column with its attached ligaments and muscles; hence the 
injected drug would be applied to many diverse types of receptor organs. It 
seems likely that nicotine and acetylcholine would be effective in stimulating 
some of these receptors to discharge impulses, for Brown & Gray (1948) and 
Douglas & Gray (1953) found that intra-arterial injections of nicotine and 
acetylcholine in quantities as small as 5-20 wg were very effective in stimula- 
ting various receptor organs in the skin and mesentery. Related observations 
are that acetylcholine, histamine and 5-hydroxytryptamine stimulate pain 
receptors in the exposed base of a cantharidin blister (Armstrong, Dry, Keele 
& Markham, 1953) and that acetylcholine, acetyl-8-methylcholine, deca- 
methonium and succinylcholine sensitize the pain receptors of skin (Skouby, 
1953). The action of acetylcholine (Hunt, 1952) and of succinylcholine and 
decamethonium (Granit Skoglund & Thesleff, 1953) in evoking the discharge 
of afferent impulses from muscle spindles also could be a cause of significant 
changes in reflexes in our experiments. 

All such complications arising from stimulation of receptor organs have 
been avoided in our experiments by the cutting or crushing of all dorsal roots 
on both sides of the spinal cord below the level of its transection. Nevertheless, 
both acetylcholine and nicotine regularly produced large depression of reflexes 
(see Figs. 2-8). 

Secondly, the drug injected intra-arterially might cause changes in the 
circulation through the spinal cord and thus might secondarily modify reflexes. 
Such changes could be localized to the area subjected to the intra-arterial 
injection or could arise on account of a rise or fall in general systemic blood 
flow. Since changes in systemic blood pressure did not begin until at least 
20 sec after the intra-arterial injection, they cannot be causally related to any 
of the reflex changes illustrated in this paper. On the other hand, it is possible 
that the injections of adrenaline and noradrenaline would produce an intense 
local vasoconstriction and that the resultant anoxia might cause the increased 
reflex responses that are sometimes observed to being 7~10 sec after the injec- 
tion (cf. Fig. 8A). It is possible that in this brief time anoxia could cause 
depolarization of motoneurones and consequently gn initial phase of increased 
excitability (van Harreveld, 1946; Brooks & Eccles, 1947; Lloyd, 1953). | 

It can be concluded that acetylcholine and nicotine produce the observed 
depressions of reflexes by direct action on nerve cells in the spinal cord and not 
secondarily through either of the above alternative actions. Both these drugs 
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excite the cholinergically activated interneurones (Renshaw cells) in the 
ventral horn and these Renshaw cells in turn inhibit motoneurones (Eccles, 
et al. 1954); hence it is postulated that the observed depressions are brought 
about in this way. In every respect the experimental observations have pro- 
vided evidence that the actions of these two drugs on Renshaw cells (Eccles, 
et al. 1956) parallel their actions in depressing spinal reflexes. Nicotine is much 
more effective than acetylcholine, both in evoking discharges from Renshaw 
cells and in depressing reflexes. No attempt has been made to determine the 
minimum quantities for producing a significant reflex depression, but the usual 
dose of nicotine, 25 yg (Figs. 2,3, 6C and 8B), would give a prolonged high- 
frequency discharge from all Renshaw cells. On the other hand, the usual dose 
of acetylcholine, 100-200 ug (Figs. 2-4, 6B, 7B, and 8A) has been found to 
evoke discharges from some, but not all Renshaw cells (Eccles et al. 1956). 
This dose of acetylcholine usually causes a smaller reflex depression than 25 yg 
of nicotine (Figs. 2, 3, 6B and 8A). Following an intra-arterial injection of 
nicotine or acetylcholine the discharge of Renshaw cells commences after a 
latent period of 1-2 sec, as also does the reflex depression. The activation of 
Renshaw cells is much briefer for acetylcholine (less than 10 sec) than for 
nicotine (60sec or more). Correspondingly, the reflex depression usually 
passes off in about 10sec after acetylcholine (Figs. 2A, 3, 6B and 84), 
whereas nicotine depressions are much longer, and may persist for more than 
50 sec (Figs. 2B, and 5). It is of great significance that dihydro-f-erythroi- 
dine, a powerful depressant of the sensitivity of Renshaw cells to both acetyl- 
choline and nicotine, diminishes the reflex depression produced by both drugs 
(Fig. 6). Finally eserine, which increases and prolongs the response of Ren- 
shaw cells to acetylcholine, but which has no significant effect on the responses 
evoked by nicotine, increases and prolongs the reflex depression produced by 
acetylcholine (Fig. 8A), but has no significant effect on the depression due to 
nicotine (Fig. 8 B). 

Thus it may be concluded, that under the present experimental circum- 
stances, the reflex depressions produced by injections of acetylcholine and 
nicotine are sufficiently explained by the known action of these substances 
evoking the discharge of impulses from Renshaw cells which in turn inhibit 
motoneurones. There is no need to postulate either a direct action on moto- 
neurones or an action upon other inhibitory interneurones within the spinal 
cord. Preliminary investigations have failed to detect any cholinergically 
excited cells within the dorsal horn or intermediate nucleus of the spinal cord. 

Since the Renshaw inhibitory system has a non-selective action upon 
adjacent motoneurones (Renshaw, 1941; Eccles et al. 1954), it is not unex- 
pected that intra-arterially injected acetylcholine would cause a depression of 
both flexor and extensor motoneuronal activity. The findings of Bernhard 
et al. (1947) and of Biilbring et al. (1948), which may depend on the type of 
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preparation used, have not been confirmed in these experiments using spinal 
animals. When investigating the depressant action of intravenously injected 
nicotine on monosynaptic reflexes, Taugner & Culp (1953) similarly concluded 
that this effect was produced by the excitatory action of nicotine on inhibitory 
interneurones. Feldberg, Gray & Perry (1953) investigated the effects of 
intra-arterial injection of acetylcholine into the upper cervical segments of the 
spinal cord. The consequent spontaneous activity recorded from ventral roots 
and the modification of polysynaptic reflexes led to the suggestion that there 
were cholinergic synapses on polysynaptic pathways from dorsal to ventral 
roots. However, it appears that no attempt was made to divide all the dorsal 
roots close to the segmental level under investigation and no account was 
taken of the possibility that the injection would stimulate receptor organs and 
so reflexly act on the spinal cord. 

If the occasional slight potentiating actions of adrenaline and noradrenaline 
are caused by local vascular charges, neither these substances nor the several 
other substances so far investigated, histamine, sodium adenosine triphosphate, 
succinylcholine, methylcholine, carbaminocholine, exert any significant action 
directly on nerve cells of the spinal cord when given by close intra-arterial 
injection. However, it is possible that the blood-brain diffusional barrier 
(Patek, 1944; Tschirgi, 1952; Hess, 1953, 1955; Woollam & Millen, 1954; 
Rodriguez, 1955) may account for these negative results from injection into 
the blood stream. It is apparent therefore that substances must be applied to 
the central nervous system by the method of direct injection, which was first 
attempted by Kennard (1953). The effectiveness of such a method in circum- 
venting the blood-brain barrier has already been shown in preliminary experi- 
ments with prostigmine, which was shown to be at least as potent an anti- 
cholinesterase as eserine in its action on Renshaw cells, though its relative 
potency was usually less than one tenth when given intravenously (Eccles, 
et al. 1956). 


APPENDIX 
By G. J. WinsBury 
Intra-arterial injection by manual depression of a syringe plunger is unsuitable 
for precise measurement of time intervals. To meet the requirements of these 
experiments a machine was designed to inject rapidly a measured quantity 
of fluid through small bore tubing in a known time. 

The rapid injection device (Fig. 10) consists of a weighted lever (A) which 
depresses the plunger of a syringe by means of a sliding link (B). The lever 
of } in. (1-3.em) diameter mild steel rod is pivoted at the upper end of a 
14 in. (%8 cm) diameter mild steel rod (C) screwed vertically to a } in. (0-6 cm) 
steel plate (D) forming the base of the unit. The free end of the lever slides in 
& slot formed in a } in. (0-3 cm) mild steel welded bracket (#). This bracket 
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carries an adjustable latch for releasing the lever and an adjustable stop for 
limiting its fall. Microswitches are attached to both latch and stop and signal 
the beginning and end of the injection. 

Mounted on the vertical rod (C) is a porous bronze bush containing a sliding 
vertical rod (F) which is attached to the lever (A) by a double link. The 
sliding rod, which is constrained to move in a vertical plane, depresses the 
plunger of the syringe which is held below it by another bar attached to rod (C). 
The syringe holder bar contains a milled U slot in which a flanged plastic 


Fig. 10, Rapid injection device, described in Appendix. 


sleeve is held by means of a captive, spring-loaded steel ball. The plastic 
sleeve surrounds the glass syringe barrel and serves to cushion the shock of 
the injection pressure. The syringe, which is attached to the polythene injec- 
tion cannula by a three-way tap, can be easily detached from the holder in 
order to be refilled. 

One or more weights (@) of approximately 5 lb. (2:3 kg) each are clamped on 
the lever by means of set screws and their position may be altered in order to 
vary the injection rate. Owing to the large force (20 Ib. wt., approx. 9 Mdynes, 
or more) exerted on the plunger of the syringe, the hollow glass plunger was 
replaced by a solid plastic plunger. 


SUMMARY 
1. The effect of nicotine and of acetylcholine upon spinal reflexes has been 
determined by injecting these drugs directly into the arterial system supplying 
the spinal cord of the cat. 
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2. When the effect of the stimulation of peripheral receptors has been 
excluded, nicotine and acetylcholine cause a transient depression of the 
monosynaptic reflexes of flexor and extensor motoneurones, together with 
polysynaptic reflexes. 

3. Pharmacological studies suggest that this depression is due to the tran- 
sient excitation of Renshaw cells which are known to be cholinergically acti- 
vated from the motor axon collaterals, and which exert a powerful inhibitory 
action on motonuerones. 

4. Adrenaline, nor-adrenaline, histamine, succinylcholine, methylcholine, 
carbaminocholine and sodium ATP when applied intra-arterially usually have 
little or no action on spinal reflexes; but adrenaline and noradrenaline may 
have a potentiating action after a rather long latency, 8-10 seconds. 

5. A device is described which enables rapid intra-arterial injections to be 
made. 
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THE INTERACTION OF GROWTH HORMONE AND INSULIN 
IN THE PERFUSED RAT HEART 


By M. SYLVIA BRONK* ann R. B. FISHER 
From the Department of Biochemistry, University of Oxford 
(Received 4 January 1957) 


The evidence for a peripheral action of growth hormone on carbohydrate 
metabolism is conflicting. Ottaway & Bulbrook (1955) have claimed that it 
can either stimulate or depress the glucose uptake of the isolated rat diaphragm, 
according to its concentration; Park, Brown, Cornblath, Daughaday & Krahl 
(1952) failed to find any effect. Randle (1954) confirmed Park et al. but found 
that growth hormone could enhance the effect of insulin on glucose uptake. 
However, the diaphragm does not seem to be the ideal test object for such 
an investigation. Ottaway (1953) has pointed out that its responses can differ 
according to the way in which it is prepared for experiment, and Zierler (1956) 
has recently suggested that its metabolic activity may be affected by simple 
handling procedures. Liébecq (1955) has shown that diaphragms taken from 
animals of different sizes agree in their glucose uptake per unit surface area, 
but not in their glucose uptake per unit weight. He suggests that glucose 
uptake is limited by the ability of glucose to diffuse into the tissue. The 
uncertainties of interpretation which these considerations raise make it 
desirable to study the action of growth hormone in some preparation which is 
more constant in its metabolic activity and in which access to the cells of 
glucose and of the hormone is less likely to be a limiting factor determining 
the glucose uptake. 

We have therefore studied the action of growth hormone on the glucose 
uptake of the perfused rat heart preparation originally described by Bleehen & 
Fisher (1954), and in parallel with this work we have investigated its effect on 
the rate of penetration of galactose into the heart, which Fisher & Lindsay 
(1956) showed to be increased by insulin. 


METHODS 

_ The perfusion technique used was that described by Fisher & Lindsay (1956) except that we find 
that heparinization of the animal is unnecessary if the heart is transferred to a dish of ice-cold 
isotonic NaCl immediately after excision. 


* Present address: National Heart Institute, National Institutes of Health, Bethesda, Maryland, 
U.S.A, 
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The analytical methods were also generally the same, with the exception that the Nelson (1944) 


method was used for some of the determinations of galactose, and the procedure for determination 4a 


the extract with NaOH, allowed to stand for an hour, and determined glucose in the filtrate. 
In the present work this procedure unexpectedly gave very low results, corresponding to less 
glucose than might have been expected to be present in the extracellular fluid. The discrepancy 
was traced to an effect of sorbitol: all Fisher & Lindsay’s experiments were made on hearts per- 
fused with medium containing 1% sorbitol, and we have found that addition of sorbitol to the 
CdSO, markedly raises the measured glucose content of the heart. 

The procedure of dividing the tissue under ice-cold alcohol, as used by Fletcher & Hopkins 
(1907) for lactate extraction from muscle, gives values for glucose comparable with those of 
Fisher & Lindsay. The heart is dropped into a weighing bottle containing 2 ml. of alcohol at 0°C, 
which is maintained at that temperature by partial immersion in ice-water. It is minced finely 
and rapidly, and allowed to stand in the closed bottle until the whole reaches room temperature. 
After drying the bottle and reweighing, the contents are transferred quantitatively to a 50 ml. 
volumetric flask with 2 ml. 6-5% CdSO, and water, neutralized to phenolphthalein with NaOH, 
and made up to volume. Alcohol does not interfere with the determination of glucose as fermen- 
table sugar at the concentration of 4% which is present in these filtrates, but does so in higher ) 


of glucose in the heart was modified. Fisher & Lindsay minced hearts in 6-5% CdSO,, neutralized 4 


concentration. 

_ Growth hormone preparations. Three preparations have been used in this work: 

B 142 is crude beef growth hormone, which is electrophoretically heterogeneous. 

B141 is one stage purer than B 142, but still contains a small fraction insoluble at pH 9-1-—9-2. 
B 168 is highly purified growth hormone from which the fraction insoluble at pH 9-1—9-2 has been 
removed. All these fractions were prepared by the method of Wilhelmi, Fishman & Russell (1948) 
and generously supplied by Dr A. E. Wilhelmi. 


RESULTS 
Effects of growth hormone on glucose uptake 
in the presence of 2 m-u./ml. of insulin 
The results obtained with various concentrations of the three growth hormone 
preparations are collected in Table 1. 


In this table ‘stored’ refers to solutions of growth hormone containing ‘ : 


1-2 mg/100 ml. isotonic NaCl kept at — 20° for 2-3 weeks. Storage was insti- 
tuted to economize in material, and was subsequently found to have the 
remarkable effect shown in the table. The nature of this effect is more clearly 
shown in Figs. 1 and 2. Fig. 1 shows the dose-response curves for fresh and 
stored B 142, and Fig. 2 shows the corresponding curves for B 168. For each 


Tasxe 1. Glucose uptake (mg/g heart dry wt./hr) in presence of different growth hormone preparations 


of growth B168 Bl4l 
hormones - A A —— A 
( »g/ml.) Fresh Stored Fresh Stored Fresh Stored 
0-001 ~~ 40-6 + 2-02 (7) 42-5+ 2-27 (3) 
0-01 41-442-31(12) 30:741-93(9) 41- (3) (3) 39- 542465 (3) 46-5+3-65 (3) 
0-1 1-60 (14) 28°741-26(5) 34-8+0-51 (3) 49-342-11 (9) 35-5+1-36 (3)4 
10 32°84+2-61 (9) 31-641-39 (3) — 37-7 40-48 (2) 
10-0 35-2+1-11 (12) 36-5+41-13 (6) 38-5 + 2-42 (3) 39-2+41-87 (3) 


All measurements were made in the presence of 150 mg/100 ml. of glucose and 2 m-u./ml. of insulin. Glucose 
uptake in the absence of growth hormone was 47-2 +-0-93 (29). 
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Fig. 1. The effect of B142 on the glucose uptake of hearts perfused with 150 mg/100 ml. glucose 
and 2 m-u./ml. insulin, The interrupted line is the level of glucose uptake in the absence of 
growth hormone. The filled circles represent fresh material, the open circles represent stored 
material. 
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Fig. 2. The effect of B168 on the glucose uptake of hearts perfused. with 150 mg/100 ml. glucose 
and 2 m-u./ml. insulin; symbols as in Fig. 1. 
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preparation it appears that storage increases the maximal depressing effect of 
growth hormone on glucose uptake and at the same time shifts the whole 
dose-response curve down the concentration axis by a factor of ten. 

The time course of the ‘activation’ of growth hormone by storage has been 
studied for B 168. The results of these experiments are given in Table 2. 
There is no apparent change in activity during the first six days of storage, 
and the change appears to be complete by 12 days. Consequently, material 
stored for not longer than 6 days has been regarded as equivalent to fresh 
material. 

Tasie 2. The effect of time of storage at - 20° on the activity 
of growth hormone B168 (0-01 ng/ml.) 


Time of Glucose uptake (mg/g heart dry wt./hr) 
storage in presence of insulin, 2 m-u./ml. 
0 40-0 + 4-25(6) 
6 42-844-11(6) 
12 26-4 + 2-42(3) 
14 34-6 + 1-34(3) 
19 31-24 4-50(3) 


Effects of B 168 on glucose uptake in the absence of insulin 

In view of the complexity of the effects of B 142, which clearly contains more 
factors capable of influencing glucose metabolism than does B168, and in 
view of the similarity between B141 and B168 (Table 1), subsequent work has 
been done wholly with B168. In the presence of 0-1 ug/ml. of fresh B168 and 
in the absence of insulin the mean glucose uptake was 8-4 +0-68(9) mg/g 
dry wt./hr, compared with 15-0+1-37(17) in the absence of B168 and of 
insulin. The difference in rates is highly significant and is proportionally 
greater than, though absolutely less than, the effect produced by the same 
amount of B168 in the presence of 2 m-u./ml. of insulin. 


Effect of B\68 on the penetration of galactose into the heart 

Fisher & Lindsay (1956) have shown that the study in parallel of glucose 
uptake and of galactose and glucose penetration into heart water gives an 
insight into the mode of action of insulin. Galactose penetration is a particu- 
larly valuable indicator of effects on permeability, since galactose is not 
utilized to any detectable extent by the perfused heart. 

The purified growth hormone B 168 depresses the rate of entry of galactose 
into the heart. In experiments in which the medium contained 0-6% glucose 
and 0-3% galactose, and with perfusion times of 30 min, the results shown in 
Table 3 were obtained. This table shows that B168 can depress the entry of 
galactose into the heart in the presence or absence of insulin, and that 


insulin can increase the rate of galactose entry in the presence or absence of 
B168. 
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The galactose was determined in these experiments by the Nelson (1944) 


Lindsay (1956) determined galactose as non-fermentable sugar, using an 
alkaline ferricyanide method, and made a correction for non-galactose non- 
fermentable reducing substance (NGNFRS), expressed as galactose, on the 
basis of determinations of non-fermentable reducing substances in hearts 
perfused with galactose-free media. The validity of this correction depends on 
the assumption that the addition of galactose to the medium does not alter 
the NGNFRS in the heart. No such correction has to be made using the Nelson 
method: in the absence of galactose in the medium the non-fermentable 
reducing substance in the heart is zero. 


TaBie 3. Galactose space (l./ml.) in presence and absence of 
0-1 ~g/ml. of growth hormone B168 


Insulin Growth hormone B 168 
concentration A— 
(m-u./ml.) Present Absent 
0 533467 (6) 597411-8(11) 
2 670+16-1(6) 7384 6-4 (6) 
TasBie 4. Effect of growth hormone B168 (0-1 g/ml.) on glucose space 
Additions to perfusate Growth hormone B 168 ee Hs 
Glucose Insulin i Glucose space 
(g/100 ml) (m-n./ml.) Controls (ul./g heart) Difference 
0-3 2 594 + 18(8) 539 + 18(8) — 55+ 25 
0-3 0 394 + 12(8) 382 + 12(8) —12417 


In a preliminary communication (Bronk & Fisher, 1956) we reported 
determinations of galactose space using the ferricyanide method, which parallel 
those reported in Table 3, using a correction of 0-66 mg NGNFRS as galactose 
per g wet wt. This correction was obtained from a large series of determinations 
of NGNFRS in the presence of glucose and of various combinations of insulin 
and B168. The results of the galactose space determinations were uniformly 
lower than those of Table 3, and indicated that we had regularly overcorrected 
to the extent of 0-33 mg NGNFRS/g wet wt. As a result, all estimates of 
galactose space in Fisher & Lindsay’s experiments must be taken to be low. 
The error probably varies between 140 yl./g at the lowest galactose concen- 
tration used and 40 ul./g at the highest concentration. 


Effect of B168 on the glucose content of the heart 

Table4 shows that 0-1 yg/ml. of B 168 diminishes the amount of glucose found 

in the heart after perfusion for 30 min with 0-3% glucose in the presence of 
2 m-u./mil. of insulin. Although there is a similar effect in the absence of insulin, 
it is not statistically significant. 
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DISCUSSION 


The complexity of ‘growth hormone’ 

Figs. 1 and 2 show that preparations of growth hormone contain at aa three 
factors capable of affecting glucose uptake of cardiac muscle cells. The most 
highly purified preparation, B168, must contain at least two such factors, 
that which is responsible for the depression of glucose uptake, and that which 
is responsible for the partial inhibition of this effect and is destroyed by storage. 
The ground for attributing these effects to different factors, rather than to a 
change of state of one factor, is that although the dose-response curve of the 
cruder B 142 is markedly different qualitatively from that of B 168, the effect 
of storage on this preparation is very similar to its effect on B168. B142 
must contain some other factor influencing glucose uptake in addition to the 
one in B168 which depresses glucose uptake, and it is improbable that these 
two separable factors with different effects should be ‘activated’ in the same 
fashion by storage. Thus, the data seem to require the postulation of at least 
three factors: (1) that responsible for the action of B168 on glucose uptake, 
’ (2) that. responsible for the difference in dose-response curves of B142 and 
B168, and (3) the labile factor destroyed on storage which depresses the 
response of the heart to-factors (1) and (2). 

This conclusion raises the question whether any data so far obtained yield 
any information concerning the action of the growth hormone on carbohydrate 
metabolism. Growth hormone activity is known to be stable in solution: 
Reid (1952) showed that growth hormone and diabetogenic activities are not 
dissociable, and Young (1946) showed that diabetogenic activity is stable in 
solution for two years. Therefore factor (3) cannot be the growth hormone. 
Factor (2) is not the growth hormone since it is absent from the most highly 
purified preparation. (The existence of factor (2) implies that any effects on 
glucose uptake reported for preparations of other than the highest degree of 
purification so far attained could conceivably be due to factors other than 
the growth hormone itself.) It remains open to question whether factor (1) 
is identical with the growth hormone. The ‘storage’ phenomenon suggests 
that the most highly purified material is biologically heterogeneous despite its 
electrophoretic homogeneity (A. E. Wilhelmi, personal communication) so 
that it is no longer possible to attribute all its effects to a single molecular 
species. This is important since the nature of the dose-response curve of B168 
would be much easier to explain if factor (1) were considered as a mixture of 
two agents. Ottaway & Bulbrook (1955) have suggested that a single type of 
cell could show a biphasic response to a single hormone, but demonstration 
of such an effect calls for a demonstrably single hormone. At present it is not 
possible to determine whether the growth hormone itself has depressant, 
stimulant, biphasic or zero effect on the glucose uptake of the heart. 
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E: is to be expected that the velocity of penetration will diminish as galactose 
} accumulates in the cells. Fisher & Lindsay (1956) (Table 1) determined the 


_ will be seen from the original data that the total correction is small, and it 
_ stantially affected by modifying the correction. 
_ centration attained within the cells by subtracting 380 ul./g from the observed 


_ by 420, the estimated intracellular water in l./g. Fig. 3 shows the time course 
of penetration expressed in these terms. This shows considerable similarity to 
_ the relation given by Crank (1956, fig. 5-7, p. 72) for diffusion of solute from 
_ @ large volume of well-stirred solution into long cylinders of radius a. Crank 
_ plots the solute content of the cylinder, expressed as a fraction of its content 
_ at equilibrium, against (Dt/a*)t, where D is the diffusion coefficient and ¢ the 
_ time of diffusion. We can test whether simple diffusion into long cylinders is 
_ & good model for penetration into the heart by reading off from Crank’s 
__ fig. 5-7 the value of (Dt/a?) corresponding to the experimental values of fraction 
_ of equilibrium content derived from Fisher & Lindsay’s data and plotting 
_ 4gainst the corresponding times of perfusion. Since D and a are constants, 
_ We should obtain a straight line through the origin. Fig. 4 shows the results 
of this test, and it is seen that the fit is a good one. 
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The nature of the ‘factor (1)’ effect on the heart 

Despite this negative conclusion concerning the relation of the effects ob- 
served to the growth hormone activity of the preparation, the effects observed 
are of the greatest importance and interest. Factor (1) must possess high bio- 
logical activity. The maximal effect is obtained with 0-1 pg/ml. of ‘stored’ 
B168 and presumably the factor (1) is a fraction of this material. Insulin 
produces its maximal effect on the glucose uptake of the heart in a concen- 
tration of 2 m-u./ml., which corresponds to about 0-1 ug/ml. of crystalline 
insulin, so that factor (1) has the same order of biological activity as 
Factor (1) is also of interest because there is a strong indication that it 
exerts its depressant effect by altering the permeability of the cell membrane 
to glucose and galactose. It seems to act in the same way as insulin, but in 
the opposite sense. 


The time course of galactose entry into the heart 
Whatever the details of mechanism of galactose entry into the heart cells, it 


course of penetration of 1°% galactose in the presence of 0-15% glucose. These 
results are somewhat in error due to the overcorrection for non-galactose 
non-fermentable reducing substance which has been referred to earlier, but it 
has been found that the analysis of these data presented below is not sub- 

The data can be expressed in terms of the fraction of the equilibrium con- 


galactose space, to allow for extracellular galactose, and dividing the residue 
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Fig. 3. The relation of estimated intracellular galactose concentration in the rat heart to time of 
perfusion, derived from Fisher & Lindsay (1956). The intracellular concentrations are ex- 
pressed as fractions of the perfusate concentration (1000 mg/ml. in the presence of 
150 mg/100 ml. of glucose). 
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Fig. 4. Plot of the values of Dt/a* derived from the data 
of Fig. 3 against time of perfusion. 
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» The slope of the line in this figure is of the order of 1-4 x 10-3 when ¢ is in 
minutes, or 2:4 x 10-° when ¢ is in seconds. This then is the approximate value 
of (D/a*). If a, the radius of the cardiac muscle cell, is taken as 10, or 
10-* cm, then D is of the order of 10-" in c.g.s. units. The diffusion coefficients 
of hexoses in water are in the region of 6 x 10~-*, and those of proteins lie 
between 10-? and 10~-*. Thus, despite the general fit of the data to the model, 
there is disagreement with expectation based on free diffusion of galactose by 
a factor of 10°. However, the model will fit with the notion of diffusion of 
galactose across the membrane in the form of a complex with a carrier of the 
molecular size of a protein with a diffusion coefficient in the region of 10~7 
to 10-*, provided that the molar concentration gradient of the galactose- 
carrier complex is of the order of 10-° to 10-* of the free galactose concen- 
tration gradient across the membrane. This seems quite reasonable. However, 
the diffusion coefficient of the carrier-hexose complex in the substance of the 
cell membrane may be lower than in dilute aqueous solution, so that there may 
be three factors acting to modify the apparent diffusion coefficient of galactose 
into the cell: (i) change in concentration of available carrier, (ii) change in 
affinity of carrier for hexose, and (iii) change in membrane structure leading 
to change in ease of diffusion of the carrier in the substance of the 
membrane. 

This model of diffusion into the heart requires the assumption that galactose 


diffuses throughout the heart at a very slow rate. Since this is contrary to 


expectation on a simple membrane carrier hypothesis, corroborative evidence 
is required. It will be necessary to confirm the nature of the time course of 
galactose penetration with more precise data. This is now being done. In the 
mean time it can be shown that the observations on glucose uptake presented 


in this paper provide additional support for the model. 


The relation between galactose entry and glucose uptake 
Since ¢, the time of perfusion, is kept constant, and a, the radius of the cardiac 


cells, may be taken as constant, changes in the value of the apparent diffusion 


: 


_ coefficient D of galactose into the heart can be estimated in different conditions 
_ by determining the fractional saturation of the intracellular water, and using _ 
_ this to read off from Crank’s curve the corresponding value of (Dt/a*). The 
_ @ffects of hormones can be measured by their effects on (Dt/a?), which, in these 


conditions, will always be proportional to D. If the factors influencing D are 
those suggested in the previous section it is to be expected that the changes 


_. produced in D will be proportional to changes in the initial rate of passage of 


glucose into the cells. Except in the presence of enough insulin to produce 
a maximal effect on glucose uptake, little glucose accumulates in the heart 
(Fisher & Lindsay, 1956, and Table 4 of this paper), so that the mean rate of 


glucose uptake may be expected to be approximately equal to the initial rate 
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of entry. Therefore the mean glucose uptake rate at moderate rates of uptake 


ought to be proportional to the apparent diffusion coefficient of galactose into 
the cells in the same conditions, if the entry of glucose and that of galactose 
into the cells are dependent on a common mechanism. This is strongly suggested 
by the new evidence of this paper, namely that growth hormone preparations 
which depress glucose uptake also depress the entry of galactose into the heart. 
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Fig. 5. The relation between glucose uptake of perfused hearts in presence of 150 mg/100 ml. of 
glucose and the 30 min value of Dt/a* for galactose with 600 mg galactose and 300 mg 
glucose per 100 ml. perfusate. ©, no insulin; (), 2 m-u./ml. insulin; +, no growth hormone; x, 
0-1 ug/ml. growth hormone B 168. 


In Fig. 5 we have plotted the 30 min values of (Dt/a*) for galactose against 
the rates of glucose uptake for the four combinations of presence and absence 
of 2 m-u. of insulin and of 0-1 wg of B168/ml. Except in the presence of 
2 m-u./ml. of insulin alone, the points lie on a straight line through the origin. 
A suggestive feature of the relation shown in Fig. 5 is that, if the linear por- 
tion of the curve is extrapolated to the value of (Dt/a*) found with 2 m-u./ml. 
of insulin, it shows that the corresponding value of glucose uptake is 
near to 70 mg/g dry wt./hr. Bleehen & Fisher (1954) found that, when the 
aortic valves of hearts perfused with 2 m-u./ml. of insulin were rendered in- 
competent, the mean glucose uptake rose to 77+13(4) mg/g dry wt./hr. 
They suggested that the lower glucose uptake of hearts with competent valves 
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was due to some internal restraint on metabolism which was removed by 
making the heart do work. The relation shown in Fig. 5 is obviously consistent 
with this explanation but it will be necessary to show that (Dt/a*) is not altered 
by making the valves incompetent before this explanation can be fully estab- 
lished. Helmreich & Cori (1956) have suggested that the stimulation of muscles 
in vivo increases the rate of entry into the cells of sugars whose distribution 
is influenced by insulin, so that it cannot be assumed that (Dt/a*) will be 
unaffected by alteration of the physiological activity of the cardiac cells. On 
the other hand, the surviving heart is always in a state of contractile activity, 
so that the difference between perfused rat hearts with competent valves and 
those with incompetent valves is of an entirely different nature from that 
between resting and stimulated skeletal muscle. 

In general, Fig. 5 suggests that the values of (Dt/a*) for galactose, measured 
at constant time, are measures of the activity of the carrier system responsible 
for the entry of galactose and glucose into heart cells. Glucose uptake is a 
less satisfactory measure, since it appears to be relatively easy to increase the 
ability of glucose to enter to an extent exceeding the capacity of the cells to 
metabolize it. We have therefore examined further the effects of the various 
combinations of insulin and B168 investigated in this work on the 30 min 
value of (Dt/a*) for galactose, in an attempt to demonstrate the nature of the 
hormone effects. 


TaBLe 5. The values of Dt/a* corresponding to the extent of penetration of galactose 
into the intracellular water calculated from the results of Table 3 


Insulin 
concentration B 168 present B168 absent 
(m-u./ml.) (2) (y) aly 
0 (a) 0-031 0-070 0-44 
2 (b) 0-141 0-265 0-53 


bla 46 3-8 


The effects of insulin and of B168 on the value of (Dt/a*) 
__ The experimental values of galactose space at 30 min are given in Table 3, 
and the values of (Dt/a*) derived from these by the procedure already de- 
scribed for Fisher & Lindsay’s (1956) data, are given in Table 5. In systems to 
_ which B 168 has been added, either in the absence of insulin or in the presence 
of 2 m-u./ml., 0-1 g/ml. approximately halves the value of (Dt/a*). Insulin 
(2 m-u./ml.) increases (Dt/a*) approximately fourfold, in the presence or 
_ absence of B168. Thus the action of insulin in increasing the activity of the 
_ Carrier and the action of B168 in decreasing it appear to be independent of 
_ one another in the sense that the factor by which they alter it is independent 
of the presence of the other agent. On the other hand, these actions 


must be on the same carrier system, since their separate effects multiply 
together. 
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It seems quite clear, therefore, that the factor in B 168 responsible for the 
depresssion of glucose uptake and galactose penetration is not an anti-insulin, 
but acts to diminish the scale of activity of the carrier system on which insulin 
acts. 

The physiological significance of factor (1) 

The normal secretion into the blood stream of a substance having the depres- 
sant property of factor (1) of B168 would account for the relations between 
the anterior hypophysis and the pancreas which have been summarized by 
Bennett & Evans (1950), who say: ‘First, the diabetes-enhancing effect of the 
hypophyseal extract does not involve insulin antagonism, since it occurs in 
depancreatized animals that are receiving no exogenous insulin. Asa corollary, 
it should be pointed out that insulin action in the hypophysectomized animal 
does not involve the inhibition of hypophyseal hormones, since none are 
present. Second, the diabetes-enhancing effect of hypophyseal extracts is 
extra-pancreatic and cannot be due to suppression of insulin production, 
since no islets of Langerhans are present.’ 

This exactly corresponds with the relations between the actions of insulin 
and of factor (1) on galactose penetration into the heart. First, the depressing 
effect of factor (1) does not involve insulin: it occurs in its absence. Secondly, 
the effect of insulin is not dependent on antagonizing factor (1): insulin is more 
effective in its absence. There is, in fact, an in vitro Houssay phenomenon in 
our system. 

This correspondence between the interaction of insulin and of fractionated 
hypophyseal extract in vitro in their effects on the penetration of sugars 
into heart cells, and the relations im vivo between the anterior hypophysis 
and insulin, provides further support for the view that the major actions of 
insulin in vivo can be accounted for in terms of its effect on muscle cell permea- 
bility to sugars. 


The assay of insulin in body fluids 

Since insulin and factor (1) each modify the state of the hexose transport 
mechanism on which the other acts, increase in factor (1) concentration has 
just the same effect on heart glucose uptake or galactose penetration as would 
be produced by fall in insulin concentration. The maximal factor (1) effect 
observed, namely the depression of glucose uptake in the presence of 2 m-u./ml. 
of insulin from 47-2 to 28-7 mg/g dry wt./hr, which is produced by 0-1 ug/ml. 
of stored B168, is approximately equivalent to reduction of the insulin con- 
centration from 2 to 0-1 m-u./ml,, judging from the data of Bleehen & Fisher 
(1954). Thus insulin assays dependent on the glucose metabolism of isolated 
muscle will be profoundly affected by the factor (1) content of the unknown 
fluid, and are unlikely to measure insulin itself. In view of the close similarity 
between the actions of factor (1) and of the hypophyseal factor responsible 
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| for the Houssay effect, it seems likely that factor (1) is normally present in 
| body fluids, If this be so, then most of the evidence so far adduced to show 
variation in body fluid insulin content must be taken to be suspect. 


SUMMARY 


| 1. Highly purified beef growth hormone (B168), prepared by the method 
of Wilhelmi e¢ al. (1948) depresses the glucose uptake of the perfused rat 
: heart, both in the absence of insulin and in the presence of 2 m-u./ml. 

2. Maximal depression of glucose uptake in the presence of 2 m-u./ml. of 
insulin is produced by 1 pg/ml. of B168. After storage in isotonic NaCl at 
— 20° for 2-3 weeks, maximal depression is produced by 0-1 pg/ml. 

: 3. A cruder preparation (B 142) shows a more complex dose-response curve 

| for glucose uptake in the same conditions. Storage in solution at —20° has 

the same effect on it as on B168 of reducing the concentration necessary for 
maximal depression of glucose uptake to one-tenth. 

4. It is believed that three factors capable of affecting the glucose uptake 

_ of the heart can be present in growth hormone preparations: Factor (1), which 
is responsible for the depressant effect on glucose uptake, Factor (2), which is 
responsible for the difference in form of the dose-response curves of B 142 from 
that of B168, and Factor (3), present in both preparations, which disappears 
on storage and inhibits the response of the heart to Factors (1) and (2). 

5. The purified preparation depresses the rate of entry of galactose into 
cardiac muscle cells in the absence of insulin or in the presence of insulin 
2 m-u./ml. 

| 6. Reasons are given for believing that in the conditions of these experi- 

ments 2 m-u./ml. of insulin increases the apparent diffusion coefficient of 
galactose into the heart cells fourfold. The effect of 0-1 ng/ml. of B168 is to 
reduce the coefficient to one half, and the effects of insulin and B168 multiply 
together. 

7. The similarity is pointed out between the interaction im vitro between 

Factor (1) and insulin and the interaction in vivo between the anterior hypo- 

|  physis and the pancreas. 


We are grateful to Miss P. Brunsdon for skilled assistance in the later stages of this work. 
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HISTAMINE, EOSINOPHILS AND BASOPHILS IN THE BLOOD 


By C. F. CODE anp R. G. MITCHELL* 
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Some evidence has been accumulated which indicates that the eosinophils of 
the blood at times contain histamine (Code, 19376; Code & MacDonald, 1937; 
Parrot & Gabe, 1945; Graham, Lowry, Wheelwright, Lenz & Parish, 1955). 
When such evidence was first presented, it was reported also that the number 
of eosinophils in the blood may be increased without any increase in the 
concentration of histamine (Code, 1937 b; Code & MacDonald, 1937). Although 
this observation was rather the exception in the initial study (Code, 19375), it 
became much more the rule in the later investigations. In the blood of humans 
with eosinophilia, for example, no direct correlation was usually found between 
the number of eosinophils and the amount of histamine (Randolph & 
Rackemann, 1941; Went & Rex-Kiss, 1941; Grafia, Recarte & Balea, 1943; 
Valentine, Pearce & Lawrence, 1950). A number of patients in each series, 
however, had eosinophilia and a concentration of histamine in the blood which 
was well above the normal range. This observation might be interpreted as 
showing, in accord with the original suggestion, that eosinophils at times con- 
tain histamine. Nevertheless, the results of study of the larger series indicate 
that if, under conditions of good health, eosinophils contain histamine, then 
in the presence of eosinophilia when presumably some abnormal circumstances 
are present, they often contain much less or none at all. The first objective of 
_ this study was to determine whether any correlation exists between the number 
of eosinophils and the concentration of histamine in the blood of animals 
and healthy humans. 

The administration of either adrenocorticotrophin or cortisone to healthy 
- humans or animals reduces the number of eosinophils in the circulating blood 
(Hills, Forsham & Finch, 1948; Thorn & Forsham, 1949; Sprague, Power, 
_ Mason, Albert, Mathieson, Hench, Kendall, Slocumb & Polley, 1950). If the 
: * Rockefeller Foundation Fellow in Physiology: present address; University of St Andrews, 
_ Dundee, Scotland. 
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eosinophils contain histamine then its concentration in the blood should 
decrease with the decrease in eosinophils when one of these hormones is 
given. Herbert, de Vries & Rose (1950) reported testing for this effect by the 
administration of ACTH to two patients with eosinophilia. Since there was 
already some indication that the eosinophils of patients with eosinophilia 
might at times contain little or no histamine, and since a significant change in 
the number of eosinophils did not occur in the blood of either of the patients 
studied by Herbert et al. (1950) at the time the concentration of histamine in 
the blood was determined, the second objective of this study became to estab- 
lish whether or not the concentration of histamine in the blood of animals or 
healthy humans changes during the eosinopenia induced by the administration 
of cortisone or ACTH. ) 

While the investigation just outlined was in progress, Riley & West (1953) 
reported that mast cells of tissue are rich in histamine. Since the basophils 
of the blood resemble in some features the mast cells of the tissues, we were 
forced to extend our study from esinophils alone to include consideration of 
the basophils. An earlier report by Graham and her co-workers published in 
abstract form (Graham, Wheelwright, Parish, Marks & Lowry, 1952) had 
indicated that basophils act as carriers of significant quantities of histamine, 
at least in the blood of patients with myelocytic leukaemia. The support 
given to this assertion by Riley & West (1953) led to the third objective ofour 
study: to determine whether or not there is a relationship between the number 
of basophils and the amount of histamine in the blood of animals and healthy 
humans. 

An earlier search for a relationship between the numbers of the various 
types of white cells and the concentration of histamine in the blood had been 
abandoned by one of us (Code) because of a lack of precision in the method of 
enumerating the different white cells of the blood. Differential white cell 
counts in a smear of the blood coupled with a count of their total numbers in 
the blood had been employed. In our hands, at least, estimates by this means 
of the exact numbers of the different white cells, particularly of the rarer 
types, were dishearteningly variable. Development, by others, of more 
accurate methods, employing dilution and white-cell-chamber counting 
procedures for enumeration of both eosinophils (Randolph, 1944) and baso- 
phils (Moore & James, 1953), removed this block and was the final stimulus to 
the investigation. 

METHODS 


Observations were made on dogs, guinea-pigs and humans. The five dogs studied were adrenal- 
ectomized because we had found that, as in humans (Recant, Hume, Forsham & Thorn, 1950), the 
number of eosinophils in the blood of dogs is increased in the absence of the adrenal glands. 
Tests were made on the blood of four of these animals over periods of 1-2 years. The fifth was 
studied only during one test of the effect of cortisone. 
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Estimates of the condition of the adrenalectomized animals were made from the intake of food, 
changes in body weight, volume of erythrocytes by haematocrit readings, concentration of blood 
urea, 24 hr output of urinary chlorides during a fixed intake of chloride, and occasional determina- 
tions of sodium and potassium in the serum. The concentration of chloride was determined by the 
method of Schales & Schales (1941), and that of sodium and potassium by use of a flame photo- 
meter. Except where otherwise stated, all of the results presented in this report were obtained 
while the dogs were maintained in good health. Most of the animals were maintained for periods 
of a month or more before the tests with deoxycorticosterone alone: a single injection or repeated 
injections of 10 mg of cortisone or more a day were given on five different occasions to one dog 
and on one occasion to each of the other four. 

It has been reported that in the guinea-pig the number of eosinophils in the circulating blood 
differs significantly between male and female, and among females between virgin and multipara 
(Dworetaky, Code & Higgins, 1950; Dews & Code, 1951). Tests were made to check these differences 
and to determine if they were accompanied by changes in the concentration of histamine in the 
blood. In addition, cortisone or ACTH, which uniformly lowers the eosinopbil counts in the blood 
of these animals (Dworetzky ef al. 1950; Dews & Code, 1951), was given intramuscularly in single 
doses of 50 mg or 50 Armour units respectively, and the concentration of histamine and the 
number of eosinophils were determined 12-24 hr later. In a final series of tests the basophils as 
well as the eosinophils were enumerated, and the effect was determined of the administration of 
cortisone on the numbers of these cells and on the concentration of histamine in the blood. 

Finally, three groupe of volunteers were studied; each was composed of five men whose ages 
ranged from 30 to 43 years. All were in good health and none had ever exhibited significant 
allergy. In the first group, the number of eosinophils and the amount of histamine in the blood 
were determined before, during and after a 3 day period in which 50 mg of cortisone was taken by 
mouth every 6 hr (200 mg/day). For the members of the second and third groups the number of 
basophils in the blood was determined as well as the number of eosinophils and the amount of 
histamine. Cortisone was given by mouth to each of the members of the second group at the rate 
of 200 mg /day for 3 days and 400 mg was taken by each member of the third group in two doses 
of 200 mg each, one taken at midnight and the other at 5 a.m. 

The concentration of histamine in the blood was determined by means of a modification (Code, 
19374) of the Barsoum & Gaddum (1935) procedure. All values are expressed in terms of hist- 
amine base. Duplicate samples of blood were always used and their volume as a rule was 5 ml. In 
almost all instances, after the trichloroacetic acid filtrates had been boiled with hydrochloric acid 
and dried twice in the presence of alcohol, the dry material was extracted three times, using 
10, 5 and 5 ml. of absolute ethanol. This additional extraction was carried out to reduce the con- 
centration of potassium (Code, Hallenbeck & Gregory, 1947). The alcohol-insoluble material was 
‘discarded after separation by centrifugation. The alcohol-soluble material was taken to dryness. 
Later, when the assay of histamine was to be made, the dried residue was taken up in Tyrode 
solution and neutralized. Sometimes the extracts were centrifuged before assay but usually this 
was unnecessary. The Tyrode solution used to prepare the final extract was diluted with one part 
of distilled water to three parts of Tyrode solution. In most instances the volume of Tyrode 
solution used was the same as that of the original sample of blood. With dog’s blood, however, 
such small amounts of histamine were often encountered that it was found necessary to double 
the quantity of blood for satisfactory assay on the ileum of the guinea-pig. This was accomplished 
by taking 8 or 10 ml. of blood and using 4 or 5 ml. of diluted Tyrode solution in the final volume of 
the extract. 

The eosinophils and basophils were always enumerated in the same sample of blood as was used 
for the determination of histamine. As a routine the blood was drawn through a siliconed or 
polished needle into a 10 ml. siliconed syringe. If eosinophils only were to be counted, the syringe 
was rinsed with a saline solution of heparin just before the blood was taken and the needle was 
left filled with the solution. If basophils were to be enumerated, no heparin could be used since 
it combines with the dye in the diluting fluid and thus reduces the staining of the basophils. 
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Somewhat more than 10 ml. of blood was drawn, the barrel of the syringe was withdrawn and 5 ml. 
of blood was removed with a siliconed pipette for the determination of histamine. Then samples 
were drawn into pipettes for enumeration of eosinophils or basophils. The duplicate aliquot for 
estimation of histamine was next withdrawn and often duplicate samples for eosinophil or 
basophil enumeration were removed. The blood for the enumeration of eosinophils was diluted 
with an aqueous propylene glycol phloxine solution as recommended by Randolph (1944), 
and that for enumeration of basophils with an ethanol-aqueous solution of toluidine blue 
as devised by Moore & James (1953). Each type of cell was counted directly by use of two 
Levy counting chambers with double-Fuchs-Rosenthal ruling (four ruled areas) for each 
pipette. 

All samples of blood were taken in the morning, usually between 8 and 9 o’clock. When 
repeated observations were made on the same individual an effort was made to take the blood 
during the same hour each day. Venous blood was used for the dogs and humans and no anaes- 
thetic was employed. Blood was taken from the guinea-pigs, however, by cardiac puncture, while 
the animals were anaesthetized by the inhalation of ether or by the subcutaneous injection of 
50 mg pentobarbital sodium/kg body wt. 


RESULTS 
| Adrenalectomized dogs 

No truly characteristic basophils were identified in the blood of the dogs we 
studied, The method which allowed ready recognition and enumeration of 
basophils in the blood of guinea-pigs and human beings did not reveal baso- 
phils in the blood of the dogs. Neither did the more conventional methods of 
fixation of a blood smear by absolute alcohol or heat followed by staining with 
toluidine blue or alcoholic thionine (Michels, 1938). Occasionally cells showing 
faint basophilic characteristics were found, but even these were so few 
and so atypical that the conclusion has been reached that the blood of the dogs 
we observed did not contain significant numbers of basophils. 

‘Spontaneous’ changes. Gradual and rather sweeping changes in the number 
of eosinophils and the amount of histamine sometimes occurred in the blood 
of the four dogs which were observed for many months. Because these changes 
could not be related to therapeutic measures or to alterations in the general 
health of the animals, they were labelled ‘spontaneous’. There were eighteen 
such episodes during the two years of observation, and in two-thirds of them 
there was a rough parallelism between the shifts in the number of eosinophils 
and the concentration of histamine (Fig. 1, dog A). Often one component 
changed, and the other followed in a day or two. In the remaining third of the 
spontaneous episodes, the concentration of histamine in the blood sometimes 
remained low and fixed, while the number of eosinophils rose and fell (Fig. 1, 
dog D), and at other times the eosinophil count remained high while the con- 
centration of histamine fluctuated. It was apparent that more drastic changes 
than those which appeared spontaneously would have to be produced to expose 
a relationship, or lack of one, between the number of eosinophils and the 
concentration of histamine in the blood. Administration of cortisone offered 
such a prospect. 
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Effects of cortisone. In the doses used, cortisone always caused a decisive 


fall in the number of eosinophils and a parallel reduction in the quantity of 


histamine in the blood (Figs. 2, 3). Soon after cortisone had been given and 


subsequent to the decisive fall, eosinophils often temporarily accumulated 


in the blood stream in considerable numbers without a rise in the concentra- 
tion of histamine (Figs. 2, 3). It was as if some eosinophils, free of histamine, 
had burst into the circulation. 


D -— Eosinophils/mm? blood 
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in the blood of adrenalectomized dogs A and D. 


The fifth dog of the series (Fig. 3, dog E), which was studied for hats a week, 
had the highest eosinophil count and the greatest amount of histamine in the 
blood of any dog ever tested in our laboratory except, of course, under acute 
conditions such as anaphylactic shock when the histamine is not contained 
in the cells of the blood but is free in the plasma (Code, 1939). At necropsy a 
foreign-body abscess was found in the pleural cavity and this may have con- 
tributed, in some unknown fashion, to the large number of eosinophils and the 
excessive amount of histamine found in the blood. The administration of 
cortisone produced the same parallel decline in the numbers of eosinophils and 
amounts of histamine in the blood of this animal as it did in the blood of the 
other dogs (Fig. 3). 

Over-all relationship. To show the relationship between histamine and 
eosinophils in the blood, a graph was constructed on which the concentration 
of histamine in a sample of blood was plotted against the number of eosino- 
phils in the same sample. Since the values obtained on dog E were few in 
number and unusual in magnitude, they have not been included on the graph 
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although they have the same general relationships as those for the other dogs. 
All other estimates made throughout the study have been included (Fig. 4). 
Five of the 154 points on the graph represent blood in which the concentration 
of urea was slightly elevated and the animals had mild adrenal insufficiency. 
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Fig. 2. The effect of various doses of cortisone on the number of eosinophils and the concentration 
of histamine in the blood of adrenalectomized dog A. Shaded area indicates duration of 


treatment with cortisone. 
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Fig. 3. The effect of the administration of cortisone for 3 days to adrenalectomized dogs B, C and 
D, and for 2 days to adrenalectomized dog E, on the number of eosinophils and the concentra- 


tion of histamine in the blood. 


All others were derived from blood taken when the animals were in good 
general condition. These data indicate that a relationship does exist between 
the histamine and the eosinophils in the blood (Fig. 4). A high concentration 
of histamine only occurred in the presence of large numbers of eosinophils. 
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Similarly, if the eosinophil count was low, the concentration of histamine 
was also always low. High eosinophil counts, however, occurred in blood con- 
taining little histamine. Thus, the eosinophils certainly did not always contain 
histamine. Indeed, at times they were apparently devoid of it. When they 
contained it, they raised the concentration of histamine in the blood. The ‘load’ 
of histamine assumed by each eosinophil must have been variable. The data 
indicate, however, that there was a maximal load which the eosinophils could or 


5000 
Eosinophils/mm? blood 
Fig. 4. The concentration of histamine plotted against the number of eosinophils found in the blood 
of adrenalectomized dogs A, B, C and D. 


would assume, because for each range of eosinophil counts a maximal con- 
centration of histamine was attained in the blood. Within the experimental 
errors of the methods involved, the relationship is represented by a straight line 
which rests sharply on the upper edge of the plotted points (Fig. 4). Only two 
points fall significantly above it and none of the values obtained for dog Riggould 
rest above it. The coefficient of regression indicates that the maximal Tad of 
histamine that the eosinophils of adrenalectomized dogs can assume is 0-03 ng/ 
eosinophil. In dogs, therefore, when the eosinophil count is zero, the con- 
centration of histamine in the blood is negligible. The line along the upper edge 
of the points intercepts the zero axis of the eosinophil counts at less than 0-01 ug 
histamine/ml. blood. Thus no other compartment of the blood of these dogs 
besides that afforded by the eosinophils apparently contained more than a 
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trace amount of histamine. Finally, within this concept, when the concentra- 
tion of histamine in the blood is low, sweeping changes may occur in the 
numbers of eosinophils without changes in the concentration of histamine, 
precisely as has beén reported. When the concentration of histamine in the 
blood is high, however, large numbers of eosinophils will then be present in 
the blood, just as they were in the dogs we studied, and under these circum- 
stances if drastic reductions in the numbers of eosinophils occur, the concentra- 
tion of histamine should also fall, exactly as it did when cortisone was given. 
These relationships of course would not obtain in such conditions as anaphy- 
lactic shock when any excess histamine is free in the plasma (Code, 1939). 


TaBLE 1. Mean concentration of histamine and number of eosinophils in blood of guinea-pigs 


Eosinophils and histamine in blood. In the first group of observations the 
eosinophils but not the basophils were counted. The studies were made during 
the spring and summer months and since the results obtained at the two seasons 
differed somewhat the series were kept separate in the initial analysis of the 
data. In the spring series the samples of blood were always drawn while the 
guinea-pigs were under ether anaesthesia. As expected, in the untreated 
animals the eosinophil counts of the multiparae were in the highest ranges, 
those of the males in the lowest and the virgins in the intermediate ranges 
(Table 1). The variability was so great among the females, however, that the 
differences between the virgins and the multiparae were not significant. 
Despite this variability the concentration of histamine in the blood of the 
three groups followed the eosinophil counts in a rough fashion, the mean 
concentrations of histamine being highest in the multiparae and lowest 
in the males although again the differences between the means were hardly 
significant. 
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Cortisone was given to groups of males and virgins and it decisively lowered 
the eosinophil counts. The mean concentration of histamine in the blood 
followed the downward trend of the eosinophils, but the differences between 
the mean values of the treated and untreated members of the groups of the 
same sex were not significant (Table 1). The trend toward a parallelism between 
the number of eosinophils and the amount of histamime in the blood was, 
however, unmistakable (Fig. 5). The correlation coefficient, for the five groups, 
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Fig. 5. Mean concentration of histamine and mean number of eosinophils found in the blood of 
guinea-pigs. Numerals below symbols indicate number of animals in each group. 

of 0-98 (P <0-01) and the linear regression indicated a significant relationship 
between eosinophils and histamine. The mean load of histamine assumed by 
each eosinophil as estimated by the regression coefficient was 0-34 ng (P < 0-01). 
Extrapolation of the linear regression to zero for the eosinophil count indi- 
cated that the amount of histamine in the extra-eosinophil compartment in 
the blood of these guinea-pigs was large and usually contained between 0-05 
and 0-06 wg histamine/ml. blood (Fig. 5). 

The experiments done in the summer months were confined to multiparae. 
There were three groups of animals, One control group was anaesthetized 
with ether and received no ACTH or cortisone. Another group, anaesthetized 


_ with pentobarbital sodium, served as controls for a group of animals treated 


with ACTH, the blood from which was also drawn under pentobarbital 
anaesthesia. Although the eosinophil counts of the untreated groups. were 
generally high, particularly of those of the first control group tested under 
ether (Table 1), and even though ACTH caused a definite decrease in the 
numbers of eosinophils, the blood histamine in the control series was uniformly 
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low and this low value was little affected by treatment with ACTH (Fig. 5). 
The tendency for the concentration of histamine in the blood to be lowest 
when the eosinophil counts were. lowest, and highest when the eosinophil 
counts were highest (Table 1; Fig. 5), was not significant, for the correlation 
coefficient of the values comprising the means of the three groups was not 
significantly different from zero. The data again indicated a sizable extra- 
eosinophil compartment containing between 0-05 and 0-06 yg histamine/ml. 
blood. Thus, although the extra-eosinophilic compartment was not expanded 
in the blood of these animals over that of the spring series, it did contain a 


much greater proportion of histamine, in fact most of the histamine in the 


blood. It is concluded that the eosinophils in the blood of both the control and 
treated animals of the summer series were carrying little if any histamine. It 
seems clear that when the concentration of histamine in the whole blood of 
guinea-pigs approaches that of the extra-eosinophilic portion, then large 
numbers of eosinophils may be present and decisive reductions in their numbers 
may occur without significant changes in the concentration of histamine in 
the blood. 

Eosinophils, basophils and histamine. Up to this point in the study the most 
consistent finding in regard to guinea-pigs was that a considerable proportion 
of the histamine of the blood was outside the eosinophils. The discovery by 
Riley & West (1953) that the mast cells of the tissues contain large quantities 
of histamine suggested immediately that the extra-eosinophilic histamine of 
the blood of guinea-pigs might reside in the basophils. Therefore, simultaneous 
determinations of the numbers of eosinophils and basophils and the concentra- 
tion of histamine in the blood were made in a series of fifty-one guinea-pigs. 
The series was made up of virgin females and non-gravid multiparae. Cortisone 
was given to nine of the guinea-pigs. 

The administration of cortisone reduced the numbers of both eosinophils 
and basophils below those customarily found under control conditions. When 
it became clear that the hormone was not having a clear-cut differential effect 
on the two types of cells, the results of the tests with cortisone and the control 
tests were combined and separate correlations were sought between numbers 
of eosinophils and basophils and the amount of histamine in the blood (Fig. 6). 

Depletion of both eosinophils and basophils in the blood of guinea-pigs 
did not lower the concentration of histamine in the blood below that previously 
assigned to the extra-eosinophilic compartment. Thus, in the guinea-pigs we 
studied, the extra-eosinophilic histamine of the blood was not contained in ths 
basophils. The correlation between the number of basophils and the amount of 
histamine in the blood was poorer than the correlation between the amount of 
histamine and the number of eosinophils (Fig. 6). Neither correlation was 
good (Fig. 6), owing apparently to the large and somewhat variable proportion 
of the total histamine lying in the blood outside both these types of cells. 
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Over-all relationship of eosinophils and histamine. The tests in which the 
basophils were included indicated that in the blood of guinea-pigs the relation- 
ship between numbers of eosinophils and amounts of histamine was somewhat 
closer than that between numbers of basophils and amounts of histamine. It 
should be emphasized, however, that much more data have been collected on 
the eosinophils than on the basophils and that with more extensive observa- 
tions on basophils better definition of the possible relationship of these cells 
to histamine may emerge. 


0-20 


Eosinophils/mm? blood Basophils/mm? blood 
Fig. 6. Search for relationships in the concentration of histamine in the blood and the number 


of eosinophils (left panel) and the number of basophils (right panel) in the blood of fifty-one 
guinea-pigs. In each instance the concentration of histamine and the numbers of both types 
of cells were determined in the same samples of blood. 


Since ample data on eosinophils were available, a final attempt to clarify 
the relationship of eosinophils and histamine was made by use of the esti- 
mates collected in the study. The 150 samples of blood tested in the first series 
and the 51 in the second were included in the final search for a relationship. 
These 201 samples of blood were grouped according to the eosinophil counts. 
Samples with counts of 0-60/mm* blood were placed in the first group, those 
with counts of 51-100 in the second, those with 101-150 in a third and those 
with counts of more than 151 were placed in a last group. The mean number 
of eosinophils and the corresponding mean concentration of histamine found 
in each group of blood samples were calculated and plotted (Fig. 7). When the 
concentration of histamine was 0-06 or more pg/ml. and the eosinophils 
numbered 0 to 150, a direct relationship is indicated between numbers of 
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eosinophils and amounts of histamine in the blood (Fig. 7). The correlation co- 
efficient of all the estimates comprising the three points was 0-44 (P <0-001). 
With eosinophil counts of more than 150 there was a break in the relationship, 
and eosinophils containing much less histamine were present in the blood. 
Although not shown in Fig. 7, this was particularly true of the summer series 
which involved many multiparae with rather high counts and some with 
counts sufficiently elevated to be regarded as representing eosinophilia. 
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Eosinophils/mm? blood 
Fig. 7. Mean concentration of histamine and mean number of eosinophils in blood of guinea-pigs. 
Samples of blood were grouped according to eosinophil counts of 0-50, 51-100, 101-150, and 
>150/mm* blood; vertical line and number at each point indicate s.2.m., and number of 
samples. 


Extrapolation to zero of the line of linear regression for the counts up to 150 
indicated again that in guinea-pigs an extra-eosinophilic compartment of the 
blood usually contains about 0-06 ug histamine/ml. The regression coefficient 
for these points indicated a mean load of 0-33 ng histamine per eosinophil for 
counts up to about 150. With counts of more than 150 the mean concentration 
of histamine per eosinophil must have declined steadily. 

The following conclusions have been drawn from the data collected from all 
of the guinea-pigs we studied. From 50 to nearly 100% of the histamine 
extractable from the blood of guinea-pigs is outside both the eosinophils and 
basophils. In different groups of guinea-pigs the mean concentration of hist- 
amine in this compartment is usually 0-05-0-06 ug histamine/ml. blood, 
although the differences between individual animals may far exceed this range. 
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The eosinophils and basophils of the blood sometimes contain histamine but 
[ their association with it is by no means fixed. Although the data available 

4. for the comparison are somewhat meagre, they do indicate that of the two 
. types of cells in the blood of guinea-pigs the eosinophils more often carry: 
histamine. When the concentration of histamine in the blood rises above that 
usually found in the extra-eosinophilic, extra-basophilic compartment, the 
eosinophil numbers are also customarily elevated and a rough correlation may 
| then be present between numbers of eosinophils and concentration of hist- 
amine in the blood. Nevertheless, since large numbers of eosinophils may be 
present without increase in tHe histamine, the load of histamine assumed by 


‘a each eosinophil is variable and at times negligible or absent. 
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Fig. 8. Changes in the number of eosinophils ( x ) and the concentration of histamine (O) in the 
blood of five healthy men during and after ingestion of 200 mg of cortisone per day for 3 days. 
Values obtained on at least 3 pre-cortisone days constituted controls; shaded areas delineate 
periods of administration of cortisone. 
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Humans 


Eosinophils and histamine. The ingestion of 200 mg cortisone/day for 3 days 
caused prompt and pronounced reduction in the numbers of eosinophils in the 
blood of each of the five persons who took the hormone, and the eosinopenia 
was always accompanied by a decisive decline in the concentration of hist- 4 
amine (Fig. 8). When administration of cortisone was discontinued, the eosino- 
phils and histamine both returned toward the control values (Fig. 8). The 
parallelism, however, was most definite during the decline, for when adminis- 
tration of cortisone was discontinued, as in the dogs, the eosinophil counts 
sometimes rose temporarily above the control value without a corresponding 
rise in the values for histamine (Fig. 8). 

The determinations of histamine in the blood drawn from a subject before, 
during and after administration of cortisone were always made on the same 
strip of guinea-pig ileum. When the quantitative assessments had been 
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completed, the contractions of the intestine to fixed doses of the standard solu- 
tion of histamine were compared with those given by a fixed volume of each of 
the extracts. The tests clearly showed that the changes in histamine were in 
ranges which could be readily estimated (Fig. 9). 

Plotting the concentration of histamine against the number of eosinophils 
found in each sample of blood from the five individuals indicated that within 
rather wide limits there was a relationship between the amount of histamine 
and the number of eosinophils (Fig. 10). The correlation coefficient of the values 
was 0-67 (P< 0-001). The mean amount of histamine carried per eosinophil, as 
estimated from the regression coefficient, was 0-16 ng (P< 0-001). 


Fig. 9. Record of consecutive contractions of a strip of guinea-pig ileum in response to alternating 
additions of fixed volumes of a standard solution of histamine, 8, and extracts of consecutive 
daily samples of blood B1—B6 taken from a healthy man before, during and after the admin- 
istration of cortisone. The fixed dose of the standard was 0-15 ml. ofa 1 x 10~’ strength solution 
of histamine and the fixed dose of the extract of blood was 0-3 ml. Numerals above contrac- 
tions of ileum are numbers of eosinophils per mm* blood. 


Extrapolation of the line of linear regression, which was calculated from the 
eosinophil and histamine values (Fig. 10), suggests that between 0-01 and 
0-02 wg histamine/ml. blood would usually still be present even if all the 
eosinophils were absent. Thus, in the blood of normal persons, as well as in the 
blood of dogs and guinea-pigs, histamine may reside outside the eosinophils. 
The data, viewed as a whole, however, indicated a relationship between the 
amount of histamine and the number of eosinophils in the blood of the healthy 
persons we studied and that in these individuals the eosinophils were carrying 
some histamine. 

Eosinophils, basophils and histamine. When the work of others indicated 
that basophilg may contain histamine it was realized that the interpretation 
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just presented of the results obtained with eosinophils alone would become 
complicated if the administration of cortisone lowered the numbers of baso- 
phils as well as of eosinophils in the circulating blood. The first tests established 
beyond any doubt that cortisone did indeed reduce the numbers of basophils 
in a way similar to that in which it reduced the numbers of eosinophils (Code, 
Mitchell & Kennedy, 1954), When the second group of subjects took 200 mg 
cortisone/day by mouth for 3 days, the eosinopenic response was similar to 
that seen in the first series of tests (compare Figs. 8 and 11), the basophils 
decreased in every instance, but were less affected than the eosinophils and 
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Fig. 10. Relation of the concentration of histamine and the number of eosinophils in the blood of 
five healthy men before (@), during (@) and after (©) the administration of cortisone. 


the concentration of histamine always declined (Fig. 11). When the changes 
were expressed as percentage of control values, the parallelism was closer 
between histamine and basophils than between histamine and eosinophils 
(Fig. 11). 

In an attempt to shift the relative degree of the decline in the numbers of 
the two types of cells and if possible to produce more drastic reductions in 
their numbers, 400 mg cortisone was taken by mouth by the five subjects in the 
third group. The numbers of both types of cells declined in a similar fashion 
but to a greater degree than when the smaller doses had been taken. The 
concentration of histamine was also more decisively reduced (Fig. 12). 
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The results of the last two series of tests, therefore, were combined and the 
number of eosinophils and the number of basophils occurring in each sample of 
blood were plotted separately against the concentration of histamine found in 
the sample (Fig. 13). A somewhat closer relationship was then notived between 
the basophils and histamine than between the eosinophils and histamine. The 


(% of mean values) 


, eosinophils and basophils in blood 


Histamine 


. 11, Changes in the numbers of eosinophils ( x ) and basophils (A) and in the concentration of 
histamine (©) in the blood of five healthy men during and following the daily ingestion 
200 mg of cortisone for 3 days. Determinations made on 2 or more days before the administra- 
tion of cortisone were used for calculation of means of control values ; periods of administration 
of cortisone are delineated by shaded areas. 
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Fig. 12. Changes in the numbers of eosinophils ( x ) and basophils (/\) and in the concentration of 
histamine (QO) in the blood of five healthy men after the ingestion of 400 mg of cortisone; 
the shaded strip indicates time of taking cortisone. Mean control values were based on 

estimates made on at least 2 days before administration of cortisone. 
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correlation coefficients for both sets of data were, however, similar, and both 
were significant (Fig. 13). Extrapolation of the linear regression of the basophil- 
histamine relationship to zero basophils gave zero or nearly zero blood hist- 
amine (Fig. 13). But under the conditions of these tests no eosinophils would 
then have been present in the blood. Extrapolation of the linear regression of 
the eosinophil-histamine relationship to zero eosinophils did not indicate that 
the concentration of histamine in the blood would then be zero, but under the 
conditions of these tests some basophils would still be present in the blood. 
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Fig. 13. Relationship between the concentration of histamine and the numbers of eosinophils 
(left panel) and the numbers of basophils (right panel) in the blood of eight healthy men 
before, during and after the ingestion of cortisone. The eosinophils and basophils were 
counted in the samples of blood which were used for the determination of histamine. 


Because cortisone affected both eosinophils and basophils similarly, the precise 
partition of histamine between them could not be determined. Our data, 
however, support three main contentions concerning the blood of healthy 
humans: (1) that histamine is carried by basophils and that it can be and 
usually is also carried by eosinophils; (2) that the amount of histamine carried 
per eosinophil is less, and much more variable than that carried per basophil; 
indeed, the eosinophils may sometimes contain little or no histamine; and (3) 
that if both these types of cells are eliminated from the circulating blood by 
the action of cortisone, little, if any, histamine remains in the blood. 
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DISCUSSION 


The eosinophil is apparently the main carrier of histamine in the blood of the 
dog, but the situation in the blood of guinea-pigs is much more complex. Our 
data indicate that much of the histamine in the blood of guinea-pigs is not 
associated with either the eosinophils or the basophils, although both these 
types of cells, and more especially the eosinophils, at times contain histamine. 
The load per cell seems to be variable. The physical boundaries of the other 
histamine-carrying component or components of the blood have not been 
clarified by our results. 

The results obtained in healthy humans following the administration of 
cortisone support the general thesis that in man the eosinophils and basophils 
account for all or nearly all the histamine in the blood and that both types of 
cells may carry histamine. This conclusion is in direct agreement with the 
results reported recently by Graham et al. (1955). | 

When large numbers of eosinophils are present in the blood of dogs, guinea- 
pigs and humans, a break in the relationship to histamine often occurs. Under 
these circumstances the eosinophils may contain very little or no histamine. 
The administration of cortisone or ACTH under such conditions while reducing 
the numbers of eosinophils in the blood will have little or at times no effect 


on the concentration of histamine in the blood. This set of circumstances is 


most likely to occur in the presence of eosinophilia and probably pertained in 
the patients studied by Herbert et al. (1950) and Rose (1950). 

Administration of cortisone offers an effective means of clearing the blood, of 
dogs and humans, of most of its histamine. Following such treatment eosinophils 
may return to the blood in rather large numbers but with little histamine in 
them. Cortisone has apparently ‘unloaded’ them or brought into the circulation 
‘unloaded ’ cells. Further study of these cells would be greatly aided by discovery 
of a means by which they could be forced to assume their maximal load of hist- 
amine. In humans the load of the basophils seems much more fixed than that 
of the eosinophils. In myelogenous leukaemia both types of cells, in their adult 
and immature forms, may apparently become maximally loaded with hist- 
amine (Code & MacDonald, 1937). Unfortunately the controlling factors and 
the mechanisms producing this circumstance are not known. 


SUMMARY 
1. A search has been made for possible relationships between the concentra- 
tion of histamine and the numbers of eosinophils and basophils in the blood of 


adrenalectomized dogs, intact guinea-pigs and healthy humans. Cortisone was 
given to each of the species. 


2. The administration of cortisone always reduced the number of eosinophils 
and basophils in the blood. In dogs and humans the — of histamine 
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in the blood also diminished. In guinea-pigs the effect on the histamine in 
the blood was less decisive. 

3. The relationship between the concentration of histamine and the numbers 
of eosinophils and basophils in the blood was different in the three species. 
Evaluation of the results obtained in each led to the following conclusions: 

(a) Allornearly all the histamine in the blood of dogs is carried by eosinophils 
but the amount associated with each eosinophil is variable and sometimes 
negligible. 

(6) Some of the histamine in the blood of guinea-pigs is associated with the 
eosinophils and some may also reside with the basophils but the proportion of 
the total amount in the blood which is tied to these cells is variable. As a rule 
most of the histamine of the blood of guinea-pigs is not contained in either the 
eosinophils or the basophils. 

(c) Most of the histamine in the blood of healthy humans is associated with 
the basophils and eosinophils. The amount carried by each eosinophil is less 
and much more variable than that associated with each basophil. Sometimes 
the eosinophils of humans contain no histamine. 
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INCREMENT THRESHOLDS AT LOW INTENSITIES 
CONSIDERED AS SIGNAL/NOISE DISCRIMINATIONS 


By H. B. BARLOW 
From the Physiological Laboratory, University of Cambridge 
(Recewed 16 October 1956) 


It was shown by Hecht, Shlaer & Pirenne (1942) and Van der Velden (1944, 
1946) that the quantal nature of light is largely responsible for the variability 
of response of human subjects to near-threshold visual stimuli. At about the 
same time Rose (1942, 1948) and de Vries (1943) suggested that the inescapable 
variability in the number of quahta absorbed from a constant light limits the 
accuracy with which its intensity can be judged, and that the differential 
threshold is set at as low a level as is compatible with this limit. If this sugges- 
tion is correct, one’s concept of the nature of a psycho-physical threshold needs 
to be altered considerably ; instead of recalling the all-or-nothing behaviour of a 
nerve fibre, one should consider the ‘threshold’ of sensitivity of a galvano- 
meter which is constantly perturbed by noise, or some other example of a limit 
which is set in accordance with statistical criteria. It has been shown that 
such a view of the nature of threshold is entirely compatible with the data for 
the absolute sensitivity of the eye if it is assumed that there is a certain low 
level of intrinsic retinal noise, even in complete darkness (Barlow, 1956). In 
the present paper an attempt is made to determine the value of this retinal 
noise, and to test whether the idea that thresholds are efficient statistical 
judgements of constant fallibility can be applied to the differential threshold 
of the human eye at low intensities. 


Historical background 

The history of the measurement of the difference threshold, and of the generalizations based on 
these measurements, can be found in von Helmholtz (1924), Hecht (1924), and Le Grand (1950). 
For one interested in understanding the physiological mechanisms underlying such thresholds the 
sequence of events is discouraging. Two centuries ago Bouguer (1760) made observations of his 
ability to detect the shadow cast by one candle when the screen upon which the shadow fell was 
simultaneously illuminated by another candle. These measurements were of sufficient accuracy to 
show that the ratio AJ/I (least detectable increment of intensity/absolute intensity) stayed more 
nearly constant than did the absolute values of AJ. During the next century these observations were 
confirmed and extended in range, and in 1860 Fechner published his Elemente der Psychophysik in 
which the constancy of AJ/I was exalted to the status of a general law. This general law was 
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promptly shown to break down both at low and high intensities (Aubert, 1865), and also in the 
intermediate range (von Helmholtz, 1924). The inaccuracy of the law was confirmed by the exten- 

sive and accurate measurements made by Kénig & Brodhun in 1888-9 (Kénig, 1903). In summary, 

they showed that the fraction A//] decreases from a value of about 0-6 to about 0-02 as the absolute 
intensity is increased through 3 log. units (for red light) or 5 log. units (for blue light) from 
starting level of intensity about 10 x the absolute threshold ; the fraction remains roughly constant 
at this low level for about 2 more log. units, and then increases slightly as the intensity is increased 
further. Later workers (e.g. Blanchard, 1918; Stiles & Crawford, 1933, 1934; Steinhardt, 1936; 
Blackwell, 1946; Aguilar & Stiles, 1954), have measured the differential threshold under a wide 
variety of conditions, and Kénig & Brodhun’s conclusions are substantially confirmed. The rise at 
high intensities was not found by Steinhardt except when there was no surround to the test 
patches of light, and the eye was consequently not adapted to the high intensities, but the question 
of a terminal rise in AJ/ is now in some doubt again since Aguilar & Stiles (1954) have shown that 
it does undoubtedly occur under conditions when the rod mechanism alone is determining AJ. 

Stiles and his co-workers (Stiles & Crawford, 1933, 1934; Stiles, 1939, 1949; Flamant & Stiles, 
1948) have introduced and developed the technique of using increment thresholds rather than 
difference thresholds: the incremental stimulus (AJ) is superimposed on a large adapting field (J), 
and the subject’s task is simply to detect the added stimulus. The principle result of this work has 
been to show, by varying the wave-lengths of background and incremental stimulus, how the 
over-all relation between A/ and J can be resolved into almost independent components which are 
thought to belong to the rods and to the various types of cone. Each of these components shows a 
simpler relation between AJ and J than the whole eye; there is a region where the intensity of the 
background has no influence on the increment threshold, joined by a short transitional section 
to a region where the increment threshold increases in direct proportion to the background 
intensity. 

One might hope for an explanation of this simpler relation, but none has yet been forthcoming. 

The generalization made by Bouguer two centuries ago still stands, but it is only approximate, and 
it is completely empirical. Fechner’s (1860) attempt to give it a theoretical backing was somewhat 
discredited when the experimental work which it provoked showed how inaccurate the generaliza- 
tion was. His idea that the absolute threshold is the limiting case of the differential threshold, with 
the ‘Augenschwarz’ taking the place of the background light, is clearly the precursor of the 
idea that intrinsic retinal noise limite absolute threshold (Hecht, 1945; Barlow, 1956). He also 
seems to have related thresholds to the scatter of values of a quantity representing, in the mind, 
the physical quantities being estimated or detected (see Finney, 1947); this is obviously the basis 
of the signal/noise discri tion theory of the nature of threshold, but Fechner postulated that the 
scatter was directly proportional to the magnitude of the physical quantity, whereas it is now clear 
that the natural postulate is that the scatter is proportional to the square root of the physical 

tude. 

Hecht (1924, 1935) formulated a photochemical theory to account for the relation, but this must 
be discarded because the photosensitivity of the retinal pigments is lower than that required in his 
theory by several orders of magnitude, as pointed out by Baumgardt (1947), and de Vries (1943). 
Houstoun (1932) tried to account for the data by postulating that the thresholds of the visual 
receptors were spread throughout the whole working range of the eye, so that each threshold 
increment of intensity brought in a constant number of previously unexcited receptors. This 
theory requires that only a minute fraction of the receptors are able to respond to a threshold 
stimulus, which is hard to reconcile with the demonstration by Hecht ef al. (1942) that not less 
than about 5% of incident quanta participate in causing a threshold sensation. 

More recently Rose (1942, 1948) and de Vries (1943, 1956) have pointed out that the general 


features of the relation between increment threshold and absolute intensity for the eye are similar 


to those for a photoelectric cell or a photographic plate. In the latter cases the basic limit is set by 
_ the statistical fluctuations in the number of quanta absorbed, and they suggest that the physio- 
logical mechanisms of the eye work so efficiently that the performance in this case too is close to the 
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physical limit. Rose attempted to determine the ‘quantum efficiency’ (the fraction of quanta 
incident on the eye which are usefully employed by it in performing a set task) by comparing its 
performance with that of a photocell of known efficiency, and he went on to argue that it stayed 
constant over @ wide range of background intensities and areas of test stimulus on the basis of 
calculations made from Blackwell’s (1946) extensive data. His calculations are, however, open to 
the following criticisms. (1) In assessing quantum efficiency he does not seem to make due allow- 
ances for the known differences of sensitivity to different spectral lights. (2) His estimate of the 
signal/noise ratio of the human subject was only approximate. (3) Likewise his measure of the 
time over which the eye summated light was approximate, and he assumed that it was constant at 
a value of 0-2 sec both for the conditions of his experiment, and for all the conditions of Blackwell’s 
experiments, De Vries (1956) based his acceptance of the fluctuation theory limit operating at 
human thresholds on the fact that A/c J+, and quotes Bouman (1952) for the validity of this law. 
It is not, however, clear, under what conditions A/ is proportional to J+, and when it is directly 
proportional to 7. Aguilar & Stiles (1954) found big deviations from the behaviour expected 
according to fluctuation theory, and their very clear discussion casts some doubts on its usefulness 
in understanding psychophysical data. 

Mueller (1950) considered various ways of incorporating quantum concepts in theories of 
intensity discrimination, and Tanner & Swets (1954) have given a very general treatment of thres- 
holds as signal/noise discrimination problems, but neither piece of work shows close agreement 
between theoretical predictions and experimental results in the case of differential thresholds. 
Gregory & Cane (1955) have shown how Weber’s law might result from ‘neural noise’ in the visual 
pathway, but Weber’s law is not a good approximation to the truth at low intensities. 

Rose & de Vries’s theory would gain more general acceptance if the many parameters involved 
could be estimated, and if it could be shown that there is a range of conditions under which they 
stay constant. 


According to the statistical laws governing the absorption of light quanta, 
when an average number of quanta equal to » are absorbed the fluctuations to 
be expected are proportional to n?. If it is assumed that these fluctuations con- 
stitute ‘noise’ for the visual system and that the signal/noise ratio (or the 
fallibility of the response) is constant, then the number of additional quanta 
required from the ‘signal’ should also be proportional to nt. Now it is certain 
that the concentration of rhodopsin does not vary appreciably over the range 
of intensities from threshold up to a level at least 10° above threshold, because 
the number of quanta of light absorbed in an exposure of moderate duration at 
this higher intensity is small compared with the total number of molecules of 
rhodopsin in the retina, and this conclusion is confirmed by measurements of 
the photosensitivity of rhodopsin in the retina (Rushton, 1956a). It is there- 
fore reasonable to assume that the number of quanta absorbed is proportional 
to the quantity of light entering the eye over the whole of this range. Hence the 
threshold ‘signal’, AJ, should be proportional to /* if the initial assumptions 
are correct. 

The first aim of this paper was to test this prediction, and it is shown that 
‘AlocI*#? does hold over a certain range of conditions. The additional 
assumption that there is intrinsic noise in the visual pathway would account 
for AI levelling off at the absolute threshold, and the second aim was to find 
the value of, this noise. It can be expressed in units of light intensity if 
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one thinks of it as resulting from fluctuations in the quanta absorbed from an 
imaginary ‘dark light’ (cf. Fechner’s ‘ Augenschwarz’) which is always illumi- 


- nating the retina in addition to any light actually entering the eye. 


N, 
K 
| 
LN, MW EAL, D lL, P 


Fig. 1. Diagram of apparatus: explanation in text. 


METHODS 

Apparatus. The apparatus used in this and other experiments of this series is shown in Fig. 1. 
The two lamps S, and S, are under-run at a controlled voltage. The lens L, focuses the image of S, 
on to the artificial pupil P (2 mm in diameter) after reflexion in a glass plate D. L, focuses the image 
of S, on the blade of a moving armature shutter M ; this shutter is controlled by electronic timing 
circuits. The light from 8, then passes through a wedge W and one of a set of filters on a wheel at 
E. It is then collected by L, and an image of S, focused on the artificial pupil P. Aperture stops 
A, and A, delimit the background field and test field respectively as they are seen in Maxwellian 
view through P. A supplementary lens L, places the aperture A, in focus for the subject's eye. 
Additional neutral and colour filters can be placed in the pathways at N,, N,. A small red spot for 
fixation is provided at F, such that the centre of the test field falls 6° from the fovea in the inferior 
nasal quadrant. The appearance of the field to the subject’s right eye is shown above the eye. The 
adapting field, limited by A,, subtended 13° in all the experiments reported here. 

The filters at Z are mounted on a wheel on the shaft of a switch. This is wired through a ‘ Yes’ 
and a ‘No’ key at K to a bank of six pairs of counters at C. The technique used for obtaining 
‘frequency of seeing’ curves is described in another paper (Barlow, in preparation). 

Calibration of filters and wedges. Ilford ‘Spectral’ filters were used to control the colour of the 
light, and for all experiments, except where otherwise stated, 603 (blue-green) was used in both 
background and test light. The transmission of the neutral filters was measured in a ‘Uvispek’ 
spectrophotometer at the dominant wave-length of the spectral filters. The wedge was then cali- 
brated against these filters. 

Calibration of intensity. A lamp calibrated by the National Physical Laboratory was run at an 
accurately controlled voltage and the light from it passed through a colour filter (Ilford 603) whose 

transmission had been determined on a ‘ Uvispek’ spectrophotometer. This fell on a piece 
of white card (reflectance assumed to be 80%) at a measured distance and normal to the incident 
light, and since the intensity and colour temperature of the standard were known, the spectral 
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distribution of energy in this light could be calculated. 85% of the energy lay between 480 and 
510 mp, and the peak was at 495 mp. The white card was placed at an angle in front of L, (Fig. 1) 
and viewed through the artificial pupil P. In the centre of the card was a hole which passed light 
from L,, and the intensity of this field, seen in Maxwellian view, was adjusted by the wedge W until 
its luminosity matched thas of the card itself. The glass plate D was removed for this calibration, 
and transmission losses allowed for. 

The quantities and intensities of light are expressed as the number of quanta of wave-length 
507 mp entering the eye (quanta/sec. degrees* for intensities) which would have had the same 
scotopic luminosity as the light which passed the exit pupil of the apparatus, using the scotopic 
luminosity function of Stiles & Smith (1944) to calculate the scotopic luminosities of the lights. 
Aguilar & Stiles (1954) calculated that 4-46 x 10° quanta of 507 m/sec. degrees* produced a retinal 
illumination of 1 scotopic troland. This method of calibrating the absolute intensity of the lights 
was not adopted until late in the series of experiments. Before this, various intermediate standards 
were used, and the highest standard of absolute accuracy cannot be claimed. 

Calibration of exposure durations. The light passing the shutter fell on a photocell and amplifier 
with a response time short compared with the duration of the exposure, and the output was dis- 
played on a C.R.O. Opening and closing times were less than 1 msec, and the duration from half 
open to half closed was measured on the C.R.O. trace. 

Subjects. Two subjects were used, the author and B.N., a technical assistant. Neither has any 
known abnormality of vision. 

Thresholds, The subject’s right eye was first. completely dark-adapted. The subject then got in 
position on the apparatus by biting on a mould of his teeth and looked at the adapting field for a 
few minutes. The shutter was then set to open automatically about every 3 sec, and the subject 
moved the wedge until he was satisfied that the stimulus was just visible on the majority of 
occasions, Repeat determinations were made, care being taken that there was no tactile or other 
subsidiary clue as to the previous threshold setting. The standard error of such settings was 
estimated in an experiment in which thresholds were measured at 63 different combinations of area 
and duration of the stimulus spot. These thresholds were taken first in one order, then repeated in 
the reverse order, and the root mean square difference of repeat readings was 0-09 log. units, which 
gives a figure of 0-065 for the standard error of a single setting. The standard error of the thresh- 
olds shown in this paper should be less than this since they are the averages of two or four such 
settings. In some cases ‘ frequency of seeing’ curves were done after thresholds had been determined 
in this way, and they showed that ‘threshold’ corresponded roughly to the 80% seen intensity. 
Though this self-setting technique of determining thresholds is doubtless less accurate than a 
method based on ‘frequency of seeing’ curves, it is very much quicker, since a reliable value can 
be obtained from 10 or 20 flashes taking only about a minute. 


RESULTS 
The effect of size and duration of stimulus on differential threshold 
Fig. 2 shows an experiment in which the increment threshold was measured 
with three different types of test stimulus. The upper curve was obtained with 
a short (7-6 msec) duration, small (5-9 minutes diam.) stimulus; the middle 
with a long (940 msec) duration, small (5-9 minutes) stimulus; the lower with a 
long (940 msec) large (4-9°) stimulus. Log. increment threshold intensity (AJ) 
is plotted against log. background (J); on this log.—log. plot with the back- 
ground seale (abscissae) compressed relative to the ordinates the Weber-— 
Fechner law (Alc) is represented by a line at about 63°, whereas the law 
predicted by the hypothesis that the increment threshold is limited by quantum 
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fluctuations of the background is represented by a line at 45°. Weber’s Law is a 
reasonable approximation for the results obtained with long, large, stimuli, 
especially at high intensities, but on the other hand the upper curve deviates 
strikingly from Weber’s Law. This result suggests that the conditions most 
likely to yield the fluctuation theory law (AJocI*) would be short duration, 


Time | Area 
(msec) | (deg.*) | Subject B.N. 
7% 
940 
240 
4 
log | 


Fig. 2. Log. incremental threshold intensity (AJ) plotted against log. background intensity (/) 
@, for short duration small area; x , for long duration small area; and @, for long duration 
large area, test stimuli. Intensities in quanta (507 myu)/sec.degrees*. Lines indicate slopes 
predicted by Fluctuation theory and by Weber-Fechner Law. 


small area, test stimuli superimposed upon backgrounds of moderately low 
intensity. More results were obtained from the other subject under these 
conditions, and they will be used for a closer comparison with a theoretical 
curve. 

In Fig. 2 the three lines come closer together at the higher intensities of 
background light. Prolonging the duration of the stimulus to 1 sec and increas- 
ing its area to 20 sq.degrees bring about a smaller reduction in threshold 
intensity when the background is high than when it is low. The effect of the 
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background light, in fact, is to reduce the total amount of temporal and spatial 
summation in the range examined. These changes in summation are considered 
further elsewhere (Barlow, in preparation). 


Comparison with theory 

The theory that thresholds are limited by intrinsic retinal noise in total 
darkness, and by statistical fluctuations in the numbers of quanta absorbed 
when the stimulus is superimposed on a background, might provide an 
explanation for the case of a short duration, small area, test stimulus over a 
low intensity range of background brightnesses. The following theoretical 
formulation allows a more exact comparison between theory and experiment 
to be made. One assumption is implicit in the formulation, namely that 
‘intrinsic retinal noise’ has an effect like an imaginary ‘dark light’ which gives 
an even illumination on the retina at all times, whether there is or is not a real 
background light entering the eye in addition. The validity of this assumption 
is considered further in the discussion; the justification at this point is that it 
leads to specific predictions about the relation between increment threshold 
and background intensity, and allots a unit of measurement to ‘intrinsic 
retinal noise’. 


Let AN =threshold incremental quantity of light in quanta entering the 

eye; 

I =background intensity in quanta/sec.degrees* entering the eye; 

X =‘dark light’ causing intrinsic retinal noise (i.e. the intensity of 

background which, because of the inevitable fluctuations in the 

number of absorbed quanta, would have the same effect on the 

| increment threshold as the intrinsic retina! noise itself) ; 

F =fraction of quanta incident at the cornea (or fraction of X) which 

are effectively absorbed ; 

a =area of the retina over which light from the background (or the 

retinal noise) is liable to be confused with the test stimulus; 

7+ =duration of time during which light of the background is liable to 
be confused with the stimulus; 

K =reliability factor or signal/noise ratio of threshold responses. 


Of these quantities only the first two are directly determined by experiment; 
the remaining five are unknown parameters required by the theory. 

The mean number of events liable to be confused with the effective absorp- 
tion of a quantum of light from the stimulus, but occurring without a stimulus, 
is Far(I +X). The Poisson distribution will be followed, but if the number is 
fairly large a normal distribution of standard deviation equal to the square 
root of the mean is a reasonable approximation. The number of quanta effec- 
tively absorbed from the stimulus flash at threshold is FAN, and according to 
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the hypothesis this is a certain multiple, K, times the standard deviation in the 
number of background events. Therefore 

F .AN =K(Far(I + X))', 
which reduces to AN =(1 +X)*. K(ar/F)', (1) 
in which the right-hand side is divided into a term containing X, which we can 
try to estimate from the present experiment, and a term containing four other 


parameters: it is possible to get a value for the whole of this term, which can 
therefore be treated as a single lumped parameter. 


Subject H.8.8. 
Time, 8°6 msec 
Area 0-011 deg.” 
4r- 
x 
3b 
+ 
F 
-« 


l 
3 5 7 9 
log | 

Fig. 3. Log. increment threshold quantity of light (AN) plotted against log. background intensity 
(1). Four determinations on one subject. Stimulus short duration, small area. Thresholds in 
number of quanta of 507 my at the cornea; background intensity in quanta/sec .degrees’. 
Solid line is theoretical curve for AN =K(ar/F)t. (1+X)* for K(ar/F)t =3-3, X 1260. 
+ shows point of intersection of horizontal and slanting asymptotes of theoretical line, and in 
the bottom right corner arrows show how this point, and with it the whole theoretical curve, 

is displaced by increases of the different parameters. 


Assuming that all the parameters stay constant, one can calculate predicted 
values for the increment threshold from this formula. In Fig. 3 the continuous 
line is such a curve plotted on log.—log. co-ordinates. The dots are experi- 
mental values of the increment threshold using a short (8-6 msec) small 
(0-011 sq.degrees) test stimulus. One subject was used, and a set of paired 
threshold determinations was done in ascending and descending order of back- 
ground brightness. The average of these four settings at each background 
intensity is plotted as a single dot. The whole procedure was repeated four 
times, three being within one week, and the fourth (slightly different abscissa 
values) four months later. It is clear that the agreement between the theoreti- 
cal curve and the experimental points is good over this range of background 
intensities. The single determination at the highest background bright- 
ness is not far from the line, but other experiments showed that there was a 
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consistent tendency for the experimental values to be higher than the predicted 
values at these brightnesses; they are, however, about 10° or 10* times the 
threshold intensity for the adapting field. 

It might be thought that the five separate parameters of the theory would 
make it easy to fit a theoretical curve to the points, but it was assumed that 
the parameters were constant ; with this method of plotting, the curve is shifted 
vertically or diagonally, but is not altered in shape when their values are 
changed. There are therefore only two degrees of freedom in fitting the curve to 
the points. As shown by the arrows in Fig. 3, a change in any of the four para- 
meters F, a, tr, K, produces a verticaldisplacement of the theoretical curve, 
whereas a change in X moves it diagonally. Fitting the curve consequently 
gives unique values for X and the term K(ar/F)*. The value for X is easily 
found, for it is the value of J at the point where the horizontal and slanting 
asymptotes of the theoretical curve meet. In this case, log J =3-1, at this 
point, so X = 1260 quanta/sec . degrees’, that is to say the retinal noise is equal 
to the quantum fluctuations to be expected from a field of this intensity. The 
value of the other, lumped, parameter can be found by substitution in the 
formula (1), and this gives 

K(ar/F)* =3-3, 


By the same method parameters can be found for the other subject from the 
experiment shown in Fig. 2. In this case X = 2500 quanta/sec.degrees*, and 
K(ar/F)* = 2-95. 

Other estimates of intrinsic retinal noise 

The principle of the above determination of retinal noise is, first, to establish 
the law relating increment threshold to background intensity over a range 
where background noise contributes a negligible amount to the total noise, 
then to extrapolate this law to zero background intensity where retinal noise 
forms all the background noise. It is, in fact, the same principle as Fechner 
suggested should be used to determine the ‘Augenschwarz’ or dark light of the 
eye, and Volkmann (quoted in Fechner, 1860) and Kénig & Brodhun (Kénig, 
1903) did in fact make estimates by this method. Volkmann assumed that 
A//I had a value of 0-01 and that it stayed constant down to absolute thresh- 
old; consequently he obtained a very high value for the dark light (equiva- 
lent to the luminance of black velvet lit by a candle at a distance of 9 feet), 
and Gregory & Cane (1955) who used a similar method, also obtained a high 
value. Kénig & Brodhun (Kénig, 1903), on the other hand, realized that 
A//I inereased in value as the absolute intensity decreased, and argued that 
the dark light was equal to the absolute threshold intensity; this gives a value 
close to that derived from their data below, though the argument used here is 
not quite the same as theirs. The difference between the method suggested by 
Fechner and that used in this paper lies in the law established for the behaviour 
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of the increment threshold, and the reason for this differ¢nce depends upon the 
use of different sizes and durations of test stimulus, and different ranges of 
background brightnesses. The square root law (A/oc/#) inspires special 
confidence because it is based on statistical theory, but there is independent 
justification for regarding the absolute threshold as the limit of the differential 
threshold set by the dark light of the eye, and deriving its value by extra- 
polating any law relating increment threshold and background intensity at low 
intensities. Now if one looks at Fig. 2, it will be seen that, to a first approxi- 
mation, the curves for different types of stimulus start to turn upwards at the 
same value of background intensity. They differ in the slope of their rising 
portions, and a general approximate law seems to be that the increment 
threshold varies as some power of the background intensity; this power varies 
between 0-5 and 1, but stays constant for any set of conditions over a moderate 
range just above the absolute threshold. Such a simple power law is represented 
by a straight line on the plot of log AJ against log J, and the noise level is very 
easily found by the intersection of this line with the ordinate corresponding 
to the absolute threshold for the test stimulus; the abscissa at this point is the 
background intensity which is equivalent to the dark light. 

Table 1 shows some values for the dark light obtained in this way from the 
literature, together with the results of the present experiments. At the bottom 
of the table are some values for H. B. and B. N. obtained with a variety of 
different test stimuli. It will be seen that the value of X obtained does not 
depend in a systematic way upon the type of test stimulus used, even though 
this does affect the power of J in the approximation which has been extra- 
polated. The same is true of the figures derived from Blackwell’s data for the 
largest and smallest size of test field he used. This confirms that curves of the 
type shown in Figs. 2 and 3, although they differ in the slopes of their rising 
portions, always turn upwards at about the same background intensity. This 
_ fact is some additional justification for applying the power law extrapolation 
to other data, even though the law is an empirical one except for the case of the 
short, small stimulus. The only figures which were derived from the literature 
with complete confidence were those of Aguilar & Stiles, and it wil) be seen 
that the values obtained were of the same order of magnitude as those of the 
two subjects of this paper. The absolute values derived from Kénig & Brodhun, 
Blanchard and Blackwell are unreliable for the reasons given in the footnotes 
to the table. 

Fitting the theoretical curve to the experimental points in Fig. 3 gave values 
for two parameters. The lumped parameter K(ar/F)+ fixes the position of: the 
sloping asymptote of the theoretical curve, and the values obtained for the two 
subjects of this paper agreed well with each other. The noise level, X, fixes the 
position at which the theoretical curve deviates from the slanting asymptote 
and levels out to the value of the absolute threshold, and this value differed by 
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a factor of about 2 between the two subjects. The values in the table show the 
same great variability of X from subject to subject, even when one only 
compares figures obtained under identical conditions. Brodhun’s dark light. is 
about 6 times K6nig’s, and Aguilar & Stiles’s subject D has about 6 times the 
dark light of their subject A. In view of this big variability in X, it was strik- 
ing that the sloping parts of the curves of log AJ against log 7, were almost 
exactly superimposable for Kénig & Brodhun, and also for Aguilar & Stiles’s 
subjects. The lumped parameter which fixes the position of the sloping portion 
of the curve seems to show relatively little variability from person to person. 


TaBxE 1. Values of noise level, expressed as a light intensity, derived from various authors 


Power Dark light 
law 
extra Quanta (507)  Scotopic 
Author Subject Conditions of determination polated sec.degrees* trolands 
a K Adjacent rectangles 3° x 44° at J and 0-7 2,500 0-0056 
un Bt I +AlI exposed continuously. = {os 16,000 0-036 
j 505 my. One eye. No fixation 
Blanchard {§ — Rectangles 2}° x 5°. White light. 0-55 500 0-0011 
Otherwise as above 
Blackwell§ Nineteen Disk 2° or 3-6’ added to large 2° 0-63 5,250 0-012 
young field, exposed for 6 sec in one 3-6’ 0-5 6,000 0-013 
girls of 8 positions. White light. 
Both eyes 
—< A 9° disk added to 20° field in 0-2 sec 0-93 200 0-00045 
B exposures. Centred 9° from fovea. 0-92 1,000 0-0022 
Cc One eye. Green test light; red field 0-87 700 0-0016 
D 0-99 1,300 0-0029 
msec Diam. 
Barlow H.B. Stimulus added to 8-6 TY 0-5 1,300 0-0029 
centre of 12° field 945 71° 0-55 630 0-0014 
6° from the fovea. 945 5-9° 0-75 1,000 0-0022 
B.N. One eye. Blue- 76 5-9’ 0-5 2,500 0-0056 
green light ~ 935 485-9 0-6 3,200 0-0072 
935 49° 0-75 2,500 0-0056 
* Diameter of exit pupil of apparatus uncertain; I have followed Hecht (1924) in assuming that it was not 


limiting. 
t Brodhun was a deuteranope. 
t Value of absolute threshold is rather uncertain; I have used a figure from his paper obtained under condi- 
tions not quite identical with those of the differential threshold measurements. 
§ Temperature of white light source used not specified, hence scotopic luminosities uncertain: I have assumed 
2348° K. 


DISCUSSION 


There are three aspects of this work to be discussed. First is the question of the 
extent to which these results support the hypothesis that visual thresholds are 
efficient statistical judgements of constant fallibility, the limiting factor being 
the quantum fluctuations of the background light in the case of the differential 
threshold, and intrinsic retinal noise in the case of the absolute threshold. 
Second is the question of the choice of a unit to measure the retinal noise, 
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the values that are found, and the values of the other parameters. Finally 
there is the question whether the values found for the retinal noise are com- 
patible with other results. 


Visual thfesholds as statistical judgements 


It has been shown elsewhere (Barlow, 1956) that the idea that absolute 
threshold is a signal/noise discrimination is entirely compatible with the 
data for absolute threshold, and explains some aspects not accounted for on 
other hypotheses; the actual value of the noise is considered later. The fact 
that a background light usually increases the threshold is an additional argu- 
ment in favour of this explanation, since alternative hypotheses might lead 
one to expect that a background light would decrease the threshold by 
‘priming’ the system; if, say, 5 rods must be activated before the resulting 
nervous activity is great enough to cause a sensation, then one might expect a 
background which activated an average of, say, 2 rods to reduce the threshold 
intensity to 3/5 of its former value. This naive idea is certainly wrong, but the 
matter is confused by the fact that background lights have sometimes been 
reported to reduce the threshold for a superimposed stimulus instead of 
increasing it. Few thresholds were determined in the relevant range in this 
series of experiments, but the matter was rather fully studied by Stiles & 
Crawford (1934), and in the only case where they found the effect they attri 
buted it to failure of the eye to accommodate when the background intensities 
were weak. 


When the intensity of a background light is reduced there comes a point at which it no longer has 
any influence on the thteshold of a stimulus superimposed upon it. The interpretation put on this 
here is that the internal noise in the visual system becomes the limiting noise when the fluctuations 
from the background are reduced below a certain point. Mueller (1950) offers an entirely different 
explanation for it which does not require intrinsic retinal noise and must therefore be carefully 
considered. He criticizes the formula A/c J+ for the relation between increment threshold and 
background intensity on the grounds that it only takes account of the fluctuations of the back- 


_ ground (/) and neglects the fluctuations of the stimulus light (J + AJ). He proposes instead the 


formula AJ (2 + AJ), which is based on the idea that the difference between the number of 
quanta absorbed from the background and the number absorbed from the stimulus light (J + A/) 
must lie outside the normal range of variation of this difference before the two lights can be 
distinguished from each other reliably. ‘Reliably’ must mean that the subject only rarely claims 
that J + AJ is greater than J when A/ is actually zero (i.e. there are few false positives), and also 
that he rarely fails to say J + AJ is the greater when AJ has threshold value (few false negative 
responses). Now these two types of error are really quite distinct, and it is hard to justify lumping 
them together in this way. A particular objection might be raised in the case where / is reduced to 
zero, for if there is no noise the possibility of false positive responses vanishes; the meaning of 
‘reliably’ has changed slightly because the subject is exposed to different errors. In this situation 
the implication of Mueller’s treatment is that a stimulus would be reliably detected if the prob- 
ability of zero quanta being absorbed from it is low. No explanation is given for the fact that 5 or 
more quanta must be absorbed before a stimulus is seen (Hecht et al. 1942). 

It may help at this point to consider the formula AJ = K,J* + K, (I + AJ); like Mueller’s formula 
this takes account of fluctuations of both lights, but unlike his it distinguishes between them and 
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contains two constants (K, and K,) to represent their frequencies. Fig. 4 illustrates how it is 
obtained. The three histograms are Poisson distributions showing the frequency with which dif- 
ferent numbers of quanta are absorbed at three different light intensities. If the intensity for the 
uppermost histogram is J (expressed here in quanta absorbed), and one knows the frequency 
with which the subject gives false positive responses to a blank stimulus (AJ <0), the vertical 
line separating ‘seen’ from ‘not seen’ can be drawn so that it divides this distribution in 
the appropriate ratio. K, is the deviate from the mean which divides a normal distribution of 
standard deviation unity in this same ratio, so that this line is at approximately J + K,/*. 
Adding AJ to J shifts the distribution to the right and increases the proportion of ‘seen’ re- 
sponses; suppose that A/ is at an intensity such that about 55% are seen, then the vertical 
line must lie close to the median of the distribution, as shown in the middle histogram. 
This means that 1+A/=1+K,J'; hence AJ =K,l* and K, is close to zero. This is the 
justification for using the simple square root law in this paper, and it is not seriously affected by 
the fact that the intensity chosen for threshold corresponded to about 80 % ‘seen’ responses: it is 


Not seen Seen 


Background alone 


0-1- 
False 


i positives 


Background with A/ added 


i=) 


is the 55% 
threshold and 
| K,=0 
0 
‘Background with Al'added 
j Al’ is T (95%) and 
+ | K,= 1'4 
0-1- False 
negatives 
K, (i+ ary 
5 10 15 25 
Numbers of quanta absorbed 


Fig. 4. Diagram to show the basis for the approximate formula AJ = K,/* + K,(/ + AJ)*. The top 
histogram shows the distribution of quanta absorbed from the ‘background alone; it is a 
Poisson distribution for an average of 4-7 quanta absorbed ; the probability of 9 or more quanta 
being absorbed is 0-05, so if 5 % false possitives are allowed the critical number of quanta which 
must be exceeded to obtain a ‘seen’ response is 9, and K, =2. The middle normogram shows 
the distribution of quanta absorbed when a stimulus (AJ) is added to the background; 9 or 
more quanta are absorbed on 55% of occasions, and this would usually be taken as threshold ; 
for this definition of threshold K, =0. The lower histogram shows the distribution of quanta 
absorbed when a stronger stimulus (AJ’), which the subject fails to detect on only 5% of 
occasions, is added to the background; for this definition of threshold K,=1-4. If the numbers 
of quanta absorbed were larger, or if the distributions were normal, K, = K, = 1-64 if there are 
5% of false positive and 5% of false negative responses. 
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possible to calculate corrections from ‘frequency of seeing’ curves, and they do not greatly affect 
the values obtained for the dark light of the eye. The situation shown in the lowest histogram must 
be closer to that considered by Mueller; it corresponds to 95 % of stimuli ‘seen’, and requires an 
increase of AI by K,(I + AJ) beyond the value it had in the centre histogram; hence Al’ = K,/+ + 
K,(1 +AI’)t. The fluctuations of the background light (J) are important in avoiding false positives 
but it is only when the test light (J + AJ) has to be bright enough for the subject to avoid false 
negatives also that the fluctuations of the stimulus light have to be considered. 

The hypothesis that thresholds are statistical judgements of constant 
fallibility predicts the relationship AJoc/J*, and this has been found to hold 
under the following conditions. First, the intensity of the background must be 
between about 10* and 10® quanta (507 my)/sec.degrees* (2 x 10-* to 2 x 10? 
scotopic trolands). The lower limit is set, according to the arguments given 
above, by the noise of the background light dropping below the intrinsic 
noise. It is not certain what sets the upper limit, but it is not far short of the 
point at which Aguilar & Stiles found that the rod mechanism began to be 
saturated. The breakdown of the square root law may be connected with this 
phenomenon, but in the present experiments it is not certain that the rods are 
determining threshold at the upper end of the range considered. An attempt 
was made to check this point by a method similar to that of Flamant & Stiles 
(1948). First the background of blue-green light was set at an intensity of 
6 x 10® quanta/sec.degrees? (11 scotopic trolands), and the superimposed 
stimulus (short duration, small area) adjusted to threshold value; the colour 
of the background was then changed by using the other Ilford spectral filters 
in the background pathway in place of the blue-green, and it was found that for 
each colour the energy required to make the stimulus continue to be threshold 
followed the scotopic luminosity function. It is therefore probable that rods 
were determining the threshold up to this value of the background, but it is not 
certain that they were at higher values. 

The relation A/ocJ* has not always been found to hold even over the 
appropriate low range of background intensities (see tabulated figures for the 
slope of the linear part of plots of log AJ against log J), but it does seem to hold 
for test stimuli of small area and short duration added to a large adapting 
field. This is shown in Figs. 2 and 3, and has also been found by other workers. 
In the table it is seen that Blackwell found it for a small test field, even though 
the duration of the exposure was not short, and Blanchard’s results lie close to 
it even though he used large test areas. Both Stiles & Crawford (1934) and 
Bouman (1952) found that the area and duration of the test area had an effect 
on the relation between differential threshold and background intensity, and 
under some conditions their results approximate to AJocJ#. More results are 
available which show how temporal and spatial summation changes when the 
background brightness changes (Barlow, in preparation), and an explanation 
for the increased spatial summation at low background brightnesses is possibly 
provided by the disappearance of lateral inhibition at low intensities that 
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has been shown to occur in the cat’s retina (Barlow, FitzHugh & Kuffler, 
1957). 

The fact that the square root law does hold, even though it is only for a 
special type of test stimulus and over a moderate range of backgrounds, 


clearly encourages one to pursue the idea that thresholds are statistical 
judgements. 


Choice of unit for retinal noise and values of parameters 
The first step in the quantitative approach is to justify the choice of a unit to 
measure the retinal noise. Following the idea that it is related to Fechner’s 
‘Augenschwarz’, or the dark light of the eye, it is here expressed in units of 
light intensity. Thus if it is said that the dark light has a certain value, this 
means that a light of this intensity entering the eye would by itself cause the 


same amount of noise in the visual system that it is deduced to have in total — 


darkness. This unit is derived from the experimental measurements very 
directly, which is a strong reason for choosing it, but it is in some ways both an 
odd and an arbitrary choice. It is odd because the actual amount of noise will 
vary as the square root of the intensity expressed in this unit, but as long as 
this is realized it is not of great importance. It is arbitrary because it leads one 
to expect that the noise will behave in every way like a uniform background of 
this intensity, and it has not been proved that this is so. 

The choice of a unit is connected with one’s idea of the actual source of the 
noise, and a factor influencing the present choice was the view that the noise 
may result from thermal breakdown of visual purple, since this would behave 
very much like a dim illumination of the retina. Some of the complexities of the 
problem will be seen, however, if one considers the contrasting hypothesis that 
noise is caused by random processes later on in the chain of events which ends 
in the subject either seeing or not seeing the stimulus. We may suppose that the 
magnitude of a quantity in the brain resulting from a given stimulus is fixed in 
a rigid determinate way, except for the inevitable fluctuations resulting from 
the quantal structure of the light; whether the stimulus is detected or not 
depends upon whether the magnitude of this quantity exceeds a certain thresh- 
old value, and noise can be introduced by supposing that this threshold value 
fluctuates in a random manner. Hecht et al. (1942), and Pirenne & Marriott 
(1955), have considered this type of noise, and Marriott (1956) has shown that 
it will produce effects similar in some ways to the spontaneous decomposition 
of visual purple. Now if this was the cause of noise it might be very awkward 
to express it in terms of a light intensity. It would, however, be equally 
awkward to explain the results of Fig. 2 and the bottom figures of the table in 
terms of this theory, for without making additional assumptions there is no 
reason why the apparent noise level for different types of test stimulus should 
always have approximately the same value when expressed in units of light 
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intensity. Likewise, Piper’s Law (threshold intensity inversely proportional 
to square root of stimulus area) seems natural if noise is uniformly spread over 
the retina, but additional assumptions are required to account for it if noise 
occurs later in the visual system. For these reasons it is at least convenient to 
express noise as ‘dark light’, and the next step is to decide its intensity. 

Stiles & Aguilar’s four subjects and the two of this paper gave values ranging 
between 200 and 3200 quanta (507)/sec.degrees*, or between 0-00045 and 
0-0072 scotopic trolands. It is likely that more subjects would give an even 
wider scatter, but as a value to discuss 1000 quanta/sec .degrees*, or 0-0022 
scotopic trolands, might be taken, bearing in mind that it can drop as low as 
1/5 and can rise to three times this value. 

The values of the lumped parameter K(a7/F’)* were 3-3 and 2-95 for the two 
subjects of this experiment. The values of the component parameters will be 
discussed elsewhere, but it is worth commenting on the good agreement 
between the two subjects for the value of this parameter which contrasts with 
the rather big differences between their retinal noise levels. Likewise, it was 
found when preparing Table | that results obtained by different subjects under 
identical conditions tended to agree well for the differential thresholds, but 
varied widely for the absolute thresholds. 


Dark light and the sensitivity of the eye 

It will naturally be asked whether the noise levels that have been arrived at 
are compatible with the extreme sensitivity of the eye. The first point to be 
made concerns the extreme variability of noise level in different subjects 
compared with the relative uniformity of differential thresholds; it appears 
that individuals with unusually high or low values for their absolute thresholds 
do not have correspondingly high or low values for their difference threshelds. 
This is what one would expect if the high or low absolute thresholds were 
actually caused by high or low levels of dark light or retinal noise. Pirenne 
(1956) reviewed the literature on absolute thresholds, and concluded that they 
might differ by a factor of 5 amongst young subjects in good health, and it 
seems possible that a large part of this variability is to be attributed to 
differences of dark light. ; 

In a previous paper (Barlow, 1956) it was shown that the data of Hecht et al. 
on absolute threshold allowed one to calculate an upper limit to the permissible 
noise level, and this limit was strongly dependent on the fraction of quanta 
striking the cornea which were effectively absorbed by the rods. Taking the 
value of 0-1 (Rushton, 19565) for this fraction, the upper limit for the noise 
according to that paper was equivalent to that resulting from the occurrence 
of an average of 9-7 random events confusable with the events following the 
effective absorption of a quantum of light from the stimulus. To convert this 
into a unit of light intensity, one must know the area and time over which these 
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events must occur in order to be confusable with the light from the stimulus. 
If these are identified with the area and time over which the eye is able to 
integrate light completely, one can, provisionally, use Graham & Margaria’s 
(1935) figures of 1 sq.degree and 0-1 sec. This gives a permissible noise level equi- 
valent to that resulting from the effective absorption of 97 quanta/sec. degrees?, 
or an external light intensity sending 970 quanta/sec .degrees* into the eye; 
this is close to the level of dark light arrived at in this paper. The various 
quantities which are required are not known with sufficient accuracy for one to 
have very much confidence in this calculation, but it is included to show that 
the result of this paper is reconcilable with the known values of the absolute 
threshold for a short small stimulus and with Rushton’s recent estimate of the 
fraction of quanta absorbed. Similarly, the figures for the retinal noise obtained 
here are below the upper limits calculated by Denton & Pirenne (1954) and are 
consistent with the low values of absolute threshold found by them for large 
fields exposed for long durations. 


Maintained discharge of retinal ganglion cells 

It has been shown that the ganglion cells of the cat’s retina discharge 
impulses in an irregular, apparently random manner even when the eye is in 
total darkness (Kuffler, FitzHugh & Barlow, 1957), and the question naturally 
arises whether such a discharge fits in with values for the dark light found here. 
There is not very much information on the visual performance of the cat, but 
what there is suggests that its retina has approximately the same sensitivity as 
that of the human, the differences in over-all performance resulting from the 
different apertures of the optical systems of the two eyes and the presence of a 
reflecting tapetum in the cat (see Pirenne, 1956). Let us then ask the question: 
‘Would a ganglion cell in the human retina which was discharging like those of 
the cat’s retina, and which picked up from a receptive field of the same 
dimensions as those of the cat’s retina, be compatible with the known sensi- 
tivity of the human eye?’ The results of this paper suggest that the noise from 
a light sending into the eye 1000 quanta/sec. degrees* can be tolerated. One 
must make an assumption about the relation between the number off quanta 
absorbed and the number of impulses that result in order to decide ‘whether 
the observed noise of ganglion cells is greater or less than this. The distribution 
of impulse intervals found by Kuffler et al. (1957) was approximately what 
would result if one impulse was produced when 5 (or rather less) quanta were 
absorbed, and the mean impulse rate was rarely as high as 50/sec in the dark- 
adapted eye. These figures would point to the absorption of 250 quanta/sec, or, 
if 0-1 are absorbed, they point to a dark light causing 2500 quanta to fall in a 
receptive field per second. The receptive fields of a large ganglion cell of the 
cat’s eye would subtend about 10 square degrees if placed in the human eye, 
so the dark light calculated from the discharges of these ganglion cells is about 
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250 quanta/sec.degrees*. Since this is at the lower end of the range of dark 
lights found in this paper it may be concluded that, if an impulse from a ganglion 
cell of the cat’s retina can be produced by the absorption of 5 quanta or less, 
then the noise of the maintained discharge does not exceed the limit worked 
out from figures for the performance of the human eye. 


General conclusion 


The form of the relation between background intensity and the threshold 
for a short duration, small area, incremental stimulus agrees with that predicted 
from the following hypothesis: human thresholds are efficient statistical judge- 
ments of constant fallibility in which ‘noise’—the random factor which tends 
to cause errors—arises from fluctuations in the number of quanta absorbed 
from the background light and the ‘dark light’. To this extent the hypothesis is 
supported, but two important questions are left unanswered: first, can the 
quantities F, «,7, and K (see p. 475) be estimated by independent experiments, 
and if so does the value of K(ar/F)' agree with that found here? And secondly, 
can reasons be found for the departures from the theoretical predictions which 
occur when the test stimulus is of long duration or large area, and when the 
background intensity is high? 


SUMMARY 


1. It has been suggested that visual thresholds are efficient statistical 
judgements of constant fallibility; the differential sensitivity of the eye is 
limited by fluctuations in the number of quanta absorbed from the back- 
ground light, and the absolute sensitivity by fluctuations in the dark light of 
the eye, according to this hypothesis. 

2. The increment threshold of the eye at low background intensities has 
been determined in blue-green light with stimuli of different areas and dura- 
tions, and the results compared with those predicted by the above hypothesis. 

3. The results fit the theoretical predictions for the case of stimuli of short 
duration and small area (against a background of large area) for a range of 
background intensities up to about 10 scotopic trolands. 

4. There are big discrepancies between theoretical and observed values of 
increment threshold when the stimulus is large and exposed for long durations. 

5. The amount of spatial and temporal summation is decreased as the back- 
ground intensity is raised. 

6. From the agreement in 3 (above) it is calculated that the dark light of the 
human eye has a value approximately equal to that of a light sending into the 
eye 1000 quanta (507 mu)/sec .degrees* (0-0022 scotopic trolands). It is very 
variable from subject to subject, ranging from about 1/5 to 3 times this value. 


7. These conclusions are compared with figures for the dark light calcu- 
lated from the literature, and are shown to be compatible with the extreme 
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sensitivity of the human eye to short duration, small area, stimuli and to large 
stimuli exposed for long durations. The random irregular discharge of impulses 
from ganglion cells of the cat’s retina is also compatible with extreme sensi- 
tivity provided that one impulse can be caused by the absorption of less than 
5 quanta. 

8. The fit of 3 (above) also allows one to calculate the value of a lumped 
parameter dependent on the fraction of quanta incident on the pupil which are 
effectively absorbed by rods, upon the area of retina and duration of time for 
which these absorptions are liable to be confused with absorptions of quanta 
from the stimulus light, and upon the reliability factor, or degree or fallibility, 
of the threshold judgement. This quantity appears to vary less from individual 
to individual than does the dark light. 


I wish to thank Mr B. Norman for his patient co-operation as subject in these experiments. 
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THE CONTRIBUTION OF CONSTRICTOR AND DILATOR 
NERVES TO THE SKIN VASODILATATION DURING 
BODY HEATING 


By I. C. RODDIE, J. T. SHEPHERD anv R. F. WHELAN 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 31 December 1956) 


During body heating there is a large increase in hand and forearm blood flow 
owing to vasodilatation mediated by sympathetic nerves. In the forearm the 
vasodilatation is confined to the vessels of the skin (Bareroft, Bock, Hensel 
& Kitchin, 1955; Edholm, Fox & Macpherson, 1956; Roddie, Shepherd & 
Whelan, 1956), and there is some evidence that this is also the case in the 
hand (Harris, Martin & Williams, 1952). 

The vessels of the forearm skin are supplied with both vasodilator fibres 
(Grant & Holling, 1938; Edholm et al. 1956; Roddie, Shepherd & Whelan, 
1957) and vasoconstrictor fibres (Roddie et al., 1957). Present evidence indi- 
cates that the blood vessels of the hands of normal subjects are supplied only 
with vasoconstrictor fibres (Arnott & Macfie, 1948; Gaskell, 1956), although 
the experiments of Lewis & Pickering (1931) suggest that there are vasodilator 
fibres to the hands of patients with Raynaud’s disease. The object of the 
present experiments was to determine the contribution of vasodilator and 
vasoconstrictor fibres to the skin dilatation in the upper limb during body 


heating. 
METHODS 


The experiments were carried out on healthy men aged 19-30 years. Blood flow through the 
hand and forearm was measured by venous occlusion plethysmography using temperature- 
controlled plethysmographs (Greenfield, 1954). Changes in skin resistance were used as an index 
of sweating. Loops of copper wire (20s.w.g.) were connected in series with a 4 V battery, a 
microammeter, and an indifferent electrode applied to the leg. The copper loops were placed 
on the forearm or hand skin inside the plethysmographs and separated from the water in them by 
the rubber sleeves or surgical gloves. Heat flow changes in the digits were estimated by heat 
flow disks (Hatfield, 1950), the whole hand being immersed in water maintained at 29°C. Body 
heating was brought about by immersing the feet and calves in stirred water at 43-44°C and 
covering the subject with warmed blankets (Gibbon & Landis, 1932). __ 

Atropine sulphate (0-1 mg in 4 ml. saline/min) was infused into the brachial artery by means 
of a mechanically driven syringe for periods of up to 3 min. An infusion of histamine acid phosphate 
(4 »g/min) was given into the artery before atropine, and the extent of the resultant skin flush 


ad 
E. 
la 
oc. 
ol. 
nt. 
he 
Oc. D 
he 
to 
he 
ai. 
; 
or 
6, 
4. 
cel 
| 


490 I. OC. RODDIE, J. T. SHEPHERD AND R. F. WHELAN 


was used as a guide to the distribution of the drug. Unless a uniform flush resulted, the experiment 
was discontinued as it was felt that the atropine would not be distributed uniformly to the forearm 
tissues. The effectiveness of the atropine in abolishing or reducing the response of the forearm 
vessels to intra-arterial acetylcholine was determined at intervals during each experiment. 


RESULTS 
The pattern of vasodilatation in hand and forearm during body heating 
Fig. 1 shows the results of experiments on two subjects in whom forearm and 
hand blood flows were measured simultaneously during body heating. The 
subjects were initially lightly clad in a room at 16-18°C to ensure a low 
peripheral blood flow before the heating commenced. In each case the blood 
flow through the hand began to rise rapidly within 5 min of the commencement 
of heating. About the same time as this rapid increase in hand flow there was 
a small but well-defined increase in forearm blood flow from the resting level 
of about 2-3 ml. to 4—5 ml./100 ml./min. The forearm flow remained at this 
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Fig. 1. Forearm and hand blood flow before and during indirect (body) heating; two subjects. 

@, forearm flow; O, hand flow (ml./100 ml./min); 4, current (A) flowing through the 
forearm skin, as an index of sweat gland activity. 
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new level until shortly after the onset of sweating in the forearm, when it 
showed a sudden further increase followed by a more gradual rise throughout 
the remainder of the heating period. Similar results were obtained on two 
other subjects. 


Effect of atropine on forearm vasodilatation 
The effect of intra-arterial atropine on the pattern of response of the 
forearm blood flow to body heating was studied in eight subjects. Fig. 2 shows 
the result of an experiment where the subject was initially kept cold. The small 
increase in forearm flow preceding the onset of sweating in the forearm 
occurred symmetrically in both the control and the atropinized forearms. 
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Fig. 2. Forearm blood flow before and during body heating. ©, control forearm; @, atropinized 
forearm; ©, current (as in Fig. 1). 0-3 mg atropine sulphate given immediately before 
observations commenced. In all figures the clear rectangle represents the period of 
heating. 


However, although the usual vasodilatation then occurred on the control fore- 
arm it was very greatly reduced on the atropinized side. When the subjects were 
warmer at the beginning of the experiments the initial vasodilatation was not 
seen. Fig. 3 shows the results on two other subjects. Following the infusion 
of 0-4 mg atropine sulphate the response to acetylcholine was abolished. Body 
heating was then carried out and caused the usual vasodilatation on the control 
side. On the atropinized side the vasodilatation was reduced for about 
20 min; after this time the flow rose despite the fact that a further reimforcing 
dose of atropine had been given and the lack of response to subsequent doses of 
acetylcholine showed that the forearm was still effectively atropinized. Though 
the control forearm sweated profusely the atropinized arm remained completely 
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dry throughout the experiment. In five other subjects the vasodilatation in 
response to heating was reduced and delayed by the previous administration 
of atropine. Fig. 4 shows plethysmographic records from one of these 
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Fig. 3. Forearm blood flow before and during body heating; two subjects. ©, control forearm; 
@, experimental forearm; @, ACh 20 ug/min; Z, atropine sulphate 0-1 mg/min. 
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Fig. 4. Plethysmographic records of forearm blood flow before and during intra-brachial infusions 
of ACh and atropine and during subsequent body heating. Upper trace from right (control) 
forearm ; lower trace from left (injected) forearm; time marker, seconds. 
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When atropine was infused at the height of the vasodilatation during 
heating the flow was not reduced despite the fact that the forearm tissues were 
effectively atropinized as shown by the absence of the dilator response to a 
subsequent. dose of acetylcholine (Fig. 5). In three similar experiments the 
same result was obtained. The symmetry of the vasodilator response on 
the two sides which occurred in these experiments demonstrated that the 
presence of a needle in the brachial artery did not affect the flows. 
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Minutes 
Fig. 5. Forearm blood flow before and during body heating. ©, control forearm; @, experimental 
forearm; @, ACh 20 yg/min; @, atropine sulphate 0-1 mg/min. 


Effect of atropine on hand vasodilatation 


In five subjects the blood flow through both hands was measured dain 
body heating and found to be symmetrical. On a subsequent occasion, after 
infusion of 4 mg atropine sulphate into one brachial artery at the same time 
as the heating commenced, the onset of dilatation was still symmetrical on the 
_ two sides, but in three subjects the flows diverged after about 15 min of 
heating, being 16-18% less on the atropinized side. On one of the latter 
subjects the heat elimination from the thumbs which was measured simul- 
taneously did not differ on the two sides. 

___ In view of the difficulty in the accurate interpretation of plethysmographic 
records of hand blood flow when these are large, similar observations. were 
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made on three subjects after arresting the digital circulation by rubber bands 
(Greenfield, Shepherd, & Whelan, 1951) just before the onset of heating. In 
two of these the blood flow through the body of the hands remained sym- 
metrical throughout the period of heating, although the skin of the atropinized 
hand was dry, while the other sweated profusely (Fig. 6). In the third subject 
the flow on the atropinized side was 16% less at the height of heating than 
that on the control side. 


Blood flow (ml./100 mi./min) 
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Minutes 


Fig. 6. Blood flow through the body of the hands before and during indirect heating. ©, control 
hand, @, experimental hand. Atropine sulphate (0-1 mg/min for 3 min) was infused into the 
brachial artery of the experimental side immediately before observations commenced. 


DISCUSSION 
The forearm skin vasodilatation 

Vasoconstrictor fibres. During body heating there is a small initial increase 
in forearm blood flow which precedes the onset of sweating in the forearm. 
This occurs synchronously with the release of vasoconstrictor tone in the 
hand, and the level of flow reached during this phase is of the same order as 
that seen when the vasoconstrictor nerves to forearm skin have been blocked 
(Barcroft, Bonnar, Edholm & Effron, 1943). The increase is only seen when 
the subject is kept cold before heating commences and is not prevented by 
atropinization of the forearm tissues, All these facts would suggest that the 
initial increase in forearm blood flow during body heating is due to release of 
vasoconstrictor tone. 

Vasodilator fibres. The major vasodilatation in the forearm which follows 
the onset of sweating can be temporarily abolished by atropinization of the 
forearm tissues. This is not due to a direct constrictor action of atropine on the 
blood vessels since atropine itself has a weak direct vasodilator action and 
since it does not prevent the onset of the vasodilatation in either the forearm 
or the hand caused by release of vasoconstrictor tone. This shows that the 
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initiation of the major vasodilatation is brought about by a cholinergic 
mechanism. 

Despite atropinization of the forearm tissues the forearm blood flow even- 
tually increases during body heating. This is not due to a wearing off of the 
effectiveness of the atropine since the increase occurs when the vessels are still 
completely resistant to injected acetylcholine and the skin does not sweat. 
Atropine when injected at the height of a heating vasodilatation does not 
reduce the flow, even though the action of a subsequent dose of acetylcholine 
is completely blocked. 

Intra-arterial atropine in the doses used does not therefore completely 
prevent the forearm vasodilatation during body heating though it completely 
abolishes sweating. The situation in the forearm skin is therefore analogous 
with that in the submandibular gland where atropine in certain doses prevents 
salivary secretion but does not abolish the vasodilatation of chorda typani 
stimulation (Heidenhain, 1872). There are various possible explanations for 
this phenomenon. For example, Dale & Gaddum (1930) suggested that the 
vasodilatation was brought about through cholinergic vasodilator nerves but 
that acetylcholine was released from the nerve endings in such close proximity 
to the receptor mechanism of the blood vessels that atropine could not block 
its action completely. Another possible explanation is that part of the vaso- 
dilatation, though not the glandular secretion, is mediated through non- 
cholinergic vasodilator fibres. However, both vasodilatation and secretion can 
be abolished by large doses of botulinum toxin (Hilton & Lewis, 1955). If this 
toxin selectively inactivates cholinergic nerve fibres this finding excludes the 
possibility that the vasodilatation is due to non-cholinergic nervous mechanism. 
A third possibility is that the dilatation is not mediated through vasodilator 
nerves but is due to increased metabolic activity of the gland with the release 
of a vasodilator substance. Barcroft (1914) found that chorda stimulation 
of the atropinized submandibular gland increased its metabolic activity even 
though there was no secretion. More recently, Hilton & Lewis (1955) have 
suggested that during salivary gland activity a bradykinin-forming enzyme 
is released which is responsible for the dilatation. Bradykinin-forming 
activity was shown to be present in sweat collected from the hand and fore- 
arm (Fox & Hilton, 1956) who suggested that bradykinin formation in the 
skin contributed to the forearm vasodilatation during heating. | 

The results of the present experiments do not provide evidence for or 
against any of the above possibilities, and in the absence of conclusive evidence 
the term ‘vasodilator nerve’ has been used in the text to connote a nerve 
whose activity results in vasodilatation. 


4 ; 4 
a 
| 
| 
| 
| 
| 
| 
a 
@ 
cn 
2 
4 


496 I. C. RODDIE, J. T. SHEPHERD AND R. F. WHELAN 


The hand vasodilatation 


Intra-arterial atropine administered at the height of heating does not 
change hand blood flow (Gaskell, 1956). In the present experiments atropi- 
nization of the forearm at the height of heating did not change forearm blood 
flow, but when given beforehand it delayed and diminished the vasodilatation. 
It was therefore thought necessary to repeat Gaskell’s experiments, atropi- 
nizing the hand before beginning heating. These experiments did not provide 
evidence for cholinergic vasodilator fibres even in the body of the hand. In 
the body of the hand the level of blood flow attained during body heating is 
much lower than that in the whole hand, and the interpretation of plethys- 
mograms made during vasodilatation is much less difficult. Further, it was 
thought reasonable to expect that the body of the hand might show an inter- 
mediate stage between the finger skin with predominantly or exclusively 
vasoconstrictor innervation and the forearm skin with predominantly vaso- 
dilator innervation. However, the body of the hand behaved as did the whole 
hand. The experiments do not exclude the presence of vasodilator nerves to 
the hand though they suggest that if present the part they play in the heating 
vasodilatation is small. 

There is no doubt that the vasomotor response in the forearm and in the 
hand skin to body heating is quite different; in forearm skin nerves producing 
vasodilatation play the dominant part, while in hand skin the increase in flow 
can be explained solely by release of vasoconstrictor tone. 


SUMMARY 

1. The blood flow through both forearms was measured in eight subjects 
by venous occlusion plethysmography before and during body heating. 

2.. Intra-arterial atropine (0-1 mg/min for 3-4 min) infused on one side 
before heating reduced and delayed the dilatation for about 20 min and 
abolished sweating, though normal vasodilatation and sweating occurred on 
the control side. 

3. Infusions of atropine at the height of body heating did not alter the 
forearm blood flow. 

4. A small initial vasodilatation during heating was seen when the subject 
had previously been kept cold. It preceded the onset of forearm sweating and 
was unaffected by intra-arterial atropine. 

5. It is suggested that during body heating the small amount of vasocon- 


strictor tone in forearm skin is first released and this is followed by the major 


vasodilatation mediated through sympathetic cholinergic fibres. 
6. Atropinization of the whole hand or body of the hand and subsequent 


heating did not provide evidence for cholinergic fibres to the hand blood 
vessels. 
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7. Itis concluded that in the vasodilator response of the forearm skin vessels 
to body heating vasodilator nerves play the dominant part; in the hand skin 
the dilator response is probably due solely to release of vasoconstrictor tone. 
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EVIDENCE FOR CRITICAL CLOSURE OF DIGITAL 

RESISTANCE VESSELS WITH REDUCED TRANS- 

MURAL PRESSURE AND PASSIVE DILATATION 
WITH INCREASED VENOUS PRESSURE 


By I. C. RODDIE ann J. T. SHEPHERD 
From the Department of Physiology, The Queen’s University of Belfast 
(Received 31 December 1956) 


Burton (1951) predicted from Laplace’s law on the equilibrium of cylindrical 
tubes that if the pressure across the wall of a small blood vessel fell below a 
certain critical value, the vessel would close. Evidence supporting this theory 
of a ‘critical closing pressure’ was obtained in animal experiments by Nichol, 
Girling, J errard, Claxton & Burton (1951) and in the human digit by venous 
occlusion plethysmography (Gaskell & Burton, 1953; Yamada, 1954). Using 
the same technique Gaskell & Burton (1953) found that a small increase in 
digital venous pressure caused a large decrease in digital blood flow. They 
considered that this was caused by arteriolar constriction in response to the 
rise in venous pressure. Since the same result was obtained in a patient who 
had had a lumbar sympathectomy, they concluded that the constriction was 
mediated through a local nerve network and named the phenomenon the veni- 
vasomotor reflex. 

The interpretation of plethysmographic records obtained under conditions 
which alter transmural pressure or raise venous pressure is sometimes difficult, 
and this is especially so in the digits owing to the small capacity of the digital 
vessels, the artifact produced by application of the collecting cuff and the 
effect of this cuff on the venous and arterial pressures. Gaskell (1955) and 
Allwood (1955) have shown that part of the evidence on which the veni- 
vasomotor reflex was based was due to a cuff artifact. 

In the present experiments the effects on the digital vessels of reduced 
transmural pressure and increased venous pressure have been studied using 
heat elimination from the finger as a measure of the blood flow. This has the 
advantage that measurements may be made without interference with the 
circulation. Our results strongly support Burton’s concept of a critical closing 
pressure but do not support the suggestion that arteriolar constriction occurs 
in response to a rise in venous pressure. Bad 
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METHODS 


The experiments were carried out on five normal subjects in a room at 21-23°C. Digital blood 
flow was estimated with heat flow disks (Hatfield, 1950; Catchpole & Jepson, 1954), the disks 
being stuck to the pulps of the terminal phalanges of the index fingers with ‘Nobecutane’ plastic 
dressing (Evans). With the subject comfortably seated the index fingers were inserted into 
digital plethysmographs (Greenfield & Shepherd, 1950) just above heart level. The water in the 
plethysmographs was maintained at 29°C and vigorous stirring was continued throughout the 
experiment. Precooling of the arterial blood arriving at the digits was minimized by wrapping 
the arms in electrically heated woollen cloth. As only the two terminal phalanges were in the 
plethysmographs, there was little opportunity for the blood to be precooled by the water in the 
plethysmograph before reaching the heat flow disks. 


Artery 


A. Hand at heart level 


C, Tissue pressure increased 


D. Venous back pressure 


Fig. 1. A diagrammatic representation of the effects on transmural pressure of lowering the digital 
perfusion pressure by 50 mm Hg with hand elevation (8), positive tissue pressure (C), 
venous congestion (D). The transmural pressure is represented by the thickness of the vessel 
walls, 


Fig. 1 shows diagrammatically three ways in which the perfusion pressure through the digit 
can be lowered. (1) When the hand is raised (Fig. 1 B) the arterial pressure in the digit falls by 
@ value equal to that of the hydrostatic column of blood above the heart. The venous pressure 
does not fall since a negative pressure cannot be transmitted along a vein owing to collapse of 
the vein. Thus there is a reduction in both perfusion and transmural pressures. In some of the 
present experiments one of the plethysmographs was raised on bricks to various heights above 
the heart level. (2) When the tissue pressure is increased (Fig. 1) the venous pressure rises until 
it just exceeds the tissue pressure. This results therefore in a reduction in perfusion and transmural 
pressures similar to that seen when the arm is raised. To achieve this the inner jacket of one 
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plethysmograph was connected to a water manometer. The level of water in the manometer 
tube could be raised or lowered to exert any required hydrostatic pressure on the digit. Since 
the finger has such a large surface area in relation to its volume it is reasonable to suppose that 
changes in pressure brought about in this way were transmitted without decrement to all the 
soft tissues of the finger tip. (3) When the veins are congested (Fig. 1 D) the venous pressure rises 
until it is just sufficient to overcome the congesting pressure so that despite the decrease in 
perfusion pressure the transmural pressure in the veins and capillaries is increased. In the present 
experiments venous pressure was increased by inflating a pneumatic cuff round the base of the 
digit. A comparison was made of changes in heat elimination brought about in these three ways 
using the corresponding finger of the opposite hand as a control. The control finger was kept at 
heart level throughout. 

Vasomotor tone was altered in one of two ways. In some experiments the ulnar nerve was 
blocked at the elbow with 3°% (w/v) solution ethocaine hydrochloride with adrenaline (1: 50,000) 
to cause release of sympathetic vasomotor tone in the little finger. In others body heating was 
carried out by immersing the feet and calves in water at 44°C and wrapping the subject in blankets 
(Lewis & Pickering, 1931: Gibbon & Landis, 1932). 

Presentation of results. After a change in perfusion pressure had been made time was allowed 
for equilibrium to be established under the new conditions. This took from 5 to 10 min. Heat flow 
from the experimental and the control finger was then measured at $ min intervals over the following 
5 min period. The heat flow from the experimental finger was then expressed as a percentage of 
the heat flow from the control finger tip. Thus the results are independent of random fluctuations 
in vasomotor tone, which are assumed to be symmetrical on the two sides. 

The arterial pressure was taken as the lowest pneumatic cuff pressure which gave the same heat 
flow from the finger tip as a cuff inflated to 220 mm Hg. Since the fingers were above heart level 
the venous pressure was assumed to be zero except during periods of venous congestion and in- 
creased tissue pressure when the congesting ouff pressure and the hydrostatic pressure of the 
water column respectively were assumed to equal the venous pressure. 

The percentage heat flow was plotted against the perfusion pressure. 


RESULTS 


Fig. 2 shows the results of four experiments on two subjects. Each subject 
attended twice. On the first occasion the effects of elevation of the limb were 
compared with those of raised venous pressure. The heat flow from both digits 
was first measured to determine the degree of symmetry on the two sides. 
The left hand was then elevated and the measurements repeated. The hand 
was then lowered and the cuff around the base of the digit inflated to produce 
the same decrease in perfusion pressure and measurements again made. This 
sequence of events was repeated at each perfusion pressure. On the second 
occasion the effects of increasing the tissue pressure were compared with 
raising the venous pressure and the procedure was similar. 


Increased resistance to blood flow with decreased transmural pressure 
If the digital blood vessels behaved as rigid tubes and there were no anomalous 
blood-viscosity effects the blood flow would fall linearly with decreasing 
perfusion pressure irrespective of the method used to reduce the perfusion 
pressure (dotted lines, Fig. 2), since there would be no change in resistance 
to flow. With small reductions in. transmural pressure (hand elevation. or 
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increased tissue pressure) the fall in heat flow was'slight. Further reduction in 
transmural pressure caused an ‘abrupt and complete cessation of heat flow at 
a point where the perfusion pressure was still considerable, i.e..35-60 mm Hg. 
It was thought possible that as the blood flow decreased the internal tem- 
perature of the finger might fall towards the temperature of the surrounding 
water, i.e. 29°C, and that vasoconstriction due to local cooling might explain 
the abrupt fall m ‘heat flow. However, when the fingers were kept in water 


Digital heat flow(% control digit) 


pressure (mm Hg) 

Fig. 2. A comparison of the effects of venous congestion and decreased transmural pressure on 

the heat flow from the finger tips in two subjects. Heat flow is expressed as a percentage of 
the heat flow from the corresponding finger of the opposite hand kept under control con- 
ditions at heart level. The dotted lines represent the expected fall in heat flow if the peripheral 
resistance remains unchanged. ©, venous back pressure; @, positive tissue pressure; ©, 
hand elevation. | 


at 42°C and the rate of heat uptake by the finger was used as an index of 
blood flow, the flow decreased in a similar manner to that seen when the 
finger was immersed in water at 29°C. In water at 42°C diminution of blood 
flow would cause the internal temperature of the finger to rise. These findings 
were therefore consistent with the thesis that the vessels had closed when the 
transmural pressure fell below a critical value. 


Decreased resistance to blood flow with venous congestion 

When the perfusion pressure was lowered by venous congestion the digital 
heat flow was always greater than that following a comparable reduction in 
perfusion pressure brought about by an increase in tissue pressure or hand 
elevation. Heat flow ceased only when the perfusion pressure was reduced to 
zero. Application of a second congesting cuff at the wrist at the same pressure 
as the cuff at the base of the digit did not alter the heat flow so it was con- 
cluded that the digital cuff was effectively congesting the vein to the required 
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pressure. Since the decrease in heat flow was much less than would be pre- 
dicted if the vessels behaved as rigid tubes it was concluded that resistance to 
flow had decreased in the digital vessels. Mendlowitz (1941) has shown that 
approximately 90%, of the available heat is given off to water about 31°C 
during its unobstructed passage through the finger tip. Hence if the venous 
congestion did facilitate heat loss from the finger tip it could increase it at 
most by about 11%, and even if this correction is made, the same conclusion 
holds, When vasomotor tone was lowered by body heating the decrease in 
resistance to flow was greater than when vasomotor tone was high. 
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Fig. 3 . Fig. 4 
Fig. 3. Critical closure of digital blood vessels during reduction of transmural pressure in four 
subjects. Heat flow is expressed as a percentage of the flow from the corresponding finger 
of the opposite hand kept under control conditions at heart level. ©, transmural pressure 
reduced by hand elevation; @, transmural pressure reduced by positive tissue pressure. 


Fig. 4. The effect of venous congestion on the digital heat flow in three subjects. Heat flow is 


expressed as a percentage of the flow from the corresponding finger of the opposite hand 
kept under control conditions at heart level. 


The results of all the experiments on the four subjects are summarized in 
Figs. 3 and 4. The response to a decrease in transmural pressure was similar 
whether this was produced by raising the limb or applying a positive tissue 
pressure. 

Critical openiyg pressure 

Fig. 5 shows the result of an experiment where the transmural pressure was 
lowered until closure occurred and then raised again. It shows that the blood 
vessels re-opened at a pressure just greater than that at which they closed, 
and that the pressure flow loop is almost devoid of hysteresis. 

Artervolar tone and critical closure. In one experiment sympathetic vaso- 
constrictor tone was released in the blood vessels of the little finger by blocking 
the ulnar nerve at the elbow. The heat flow from that finger was compared 
with that from the intact index finger of the same hand as the transmural 
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pressure of the finger vessels was reduced by increasing the finger tissue 
pressures (Fig. 6). Critical closure was observed in the digit with lower 
vasomotor tone, but a greater reduction in transmural pressure was necessary 
to effect it, In another experiment where the transmural pressure was lowered 
until closure had just occurred, body heating caused the vessels to open again. 
These observations are consistent with the thesis that the critical closing 
pressure varies with alterations in vasomotor tone (Burton, 1951). 
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60 100 20 60 100 
relkeins pressure (mm Hg) Perfusion pressure (mm Hg) 
Fig. 5 Fig. 6 
Fig. 5. The effect of lowering the digitai transmural pressure below critical closure level and then 
raising it again under comparable conditions of vasomotor tone. The transmural pressure 
was lowered (@) and raised (©) by increasing and decreasing the tissue pressure respectively. 
The heat flow is expressed as a percentage of thé@fiow from the corresponding finger of the 
opposite hand kept under control conditions at heart level. 


Fig. 6. A comparison of critical closure in the intact and the nerve-biocked digit during exposure 
to positive tissue pressure. The heat flow from the nerve-blocked digit (©) is expressed as 
a percentage of the flow from the nerve-blocked digit under control conditions at heart level. 
The heat flow from the intact digit (@) is expressed as a percentage of the flow from the 
corresponding finger of the opposite hand kept under control conditions at heart level. 


The site of closure 

When the transmural pressure was lowered, pulsations synchronous with 
the heart beat were observed in the water column with pressures at which 
flow through the digit had ceased. These pulsations persisted until the tissue 
pressure exceeded the arterial systolic pressure, but were abolished by 
occluding the digital arteries proximal to the plethysmograph, so it was evident 
that the pulsations were not transmitted from the proximal part of the finger. 
It was concluded that at a pressure where flow through the digit had ceased 
the arteries were still patent and that closure had occurred in the smaller 
vessels, presumably in the arterioles. 
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DISCUSSION 
Critical closure of resistance vessels with decreased transmural pressure 

The main difficulty in determining whether or not resistance vessels have a 
critical closing pressure lies in the inability to measure accurately the pressure 
in small blood vessels and to distinguish between vascular reactions and 
viscosity effects. The same difficulties have to be faced in studying the reactions 
of resistance vessels to increased venous pressure. In the present experiments 
these have been largely overcome by comparing heat flow in the same digit 
when the digital perfusion pressure had been lowered to the same level by 
methods which had different effects on transmural pressure. 

With reduction in transmural pressure the heat elimination decreased 
abruptly. Although the estimation of perfusion pressure was indirect it was 
clear that blood flow ceased at a point when the pressure was still considerable 
since with venous congestion the pressure could be lowered some 30-60 mm Hg 
below this point before flow ceased. This difference is independent of any error 
that may have been made in the estimation of digital arterial pressure. 

When the perfusion pressures and the viscous properties of the perfusion 
fluid are the same, differences in flow can only be initiated by differences in 
the calibre of the resistance vessels. The difference between the flows with the 
same reduction in perfusion pfessure cannot be explained by viscosity effects 
alone and must therefore have been mainly due to changes in the diameter 
of the resistance vessels. The findings therefore strongly support Burton’s 
concept of a critical closing pressure. 

Dilatation of resistance vessels with increased venous pressure 

The finding that the heat flow from the finger was unchanged during large 
reductions in perfusion pressure with venous congestion cannot be explained 
by greater facilities for heat exchange and must mean that the diameter of 
the resistance vessels was increased. This is in agreement with the findings of 
other workers in this department (Greenfield & Patterson, 1954; Shanks, 1955; 
Rosensweig, 1955; Roddie, 1955; Coles & Greenfield, 1956), and provides further 
evidence that venous congestion does not cause arteriolar constriction. The 
observations also confirm those of Shanks (1955) and Howell & Richards (1955) 
that the distensibility of the resistance vessels is greater when vasomotor tone 
is low. 

There is evidence that when the transmural pressure of a blood vessel is 
increased, the tendency to dilatation is opposed by a myogenic constrictor 
reaction in the vessel wall and that, if the pressure is decreased, the tone of 
the smooth muscle of the resistance vessels is reduced (Bayliss, 1902; Folkow, 
1949; Patterson & Shepherd, 1954; Coles & Greenfield, 1956). Since it is not 
possible to predict the dilatation that would occur if the vessels responded 
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passively to the increases in transmural pressure with venous congestion, these 
experiments provide no evidence for or against the concept of local myogenic 
reactivity in the blood vessel wall. With reductions in transmural pressure of 
the order of 5-20 mm Hg, the fall in heat flow was less than that predicted 
from the fall in perfusion pressure (Fig. 2) and this may have been due to 
decreased arteriolar tone. 


SUMMARY 


1. Digital blood flow was: estimated by heat flow disks in five normal 
subjects during reduction of local vascular transmural pressure by either hand 
elevation or positive tissue pressure and during venous congestion. 

2. When the transmural pressure was lowered the blood flow through the 
finger abruptly fell to zero when the perfusion pressure was still as much as 
35-60 mm Hg. This finding was consistent with critical closure of digital 
resistance vessels, and as pulsations were still present in the arteries it must 
have been the finer vessels, presumably arterioles, that closed. 

3. The critical closing pressure was the same as the critical opening pressure 
under comparable conditions of vasomotor tone, but both varied with changes 
in vasomotor tone. 

4. When the perfusion pressure was lowered by venous congestion critical 
closure did not occur, but the resistance to flow through the digit decreased, 
probably owing to passive dilatation of resistance vessels in response to the 
increased intra-luminar pressure. This finding provides further evidence 
against the thesis of a veni-vasomotor reflex. 


We wish to thank Dr W. H. Moffat for his collaboration in the earlier experiments. 
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THE KINETICS AND EQUILIBRIA OF THE REACTIONS OF 
NITRIC OXIDE WITH SHEEP HAEMOGLOBIN 


By Q. H. GIBSON anp F. J. W. ROUGHTON 
From the Department of Biochemistry, University of Sheffield, and the 
_ Department of Colloid Science, University of Cambridge 


(Received 31 December 1956) 


During the past 50 years an enormous amount of work has been done on the 
equilibria and the kinetics of the reversible reaction of mammalian haemo- 
globin with oxygen. Such work has not only been of obvious importance in 
respiratory physiology, but has also helped greatly towards the elucidation of 
the detailed physico-chemical mechanism of this vitally important reaction. 
The kinetics and equilibria of the reactions of haemoglobin with carbon mon- 
oxide have likewise been studied in much detail, not only because their close 
physico-chemical analogies with the oxygen-haemoglobin reactions might well 
throw further light on the latter, but also because of their importance in the 
understanding of (a) the poisonous action of carbon monoxide, and (6) the use 
of carbon monoxide as a physiological tool, especially in the determination of 
the diffusing capacity of the human lung and of the average time spent by the 
blood in the lung capillaries (see, for example, Roughton, 1945). 

There are a few other substances which combine reversibly with reduced 
haemoglobin in a similar way to oxygen and carbon monoxide. Of these the 
best-known are nitric oxide and the isocyanides. St George & Pauling (1951) 
have studied the effect on the affinity for haemoglobin of varying the size of the 
group to which the isocyanide radical is attached, and from their results have 
inferred that the iron centres in haemoglobin are buried in crevices, a view 
which has been strongly controverted by Keilin (1953). Little or no quantita- 
tive work seems, however, to have been done on the physical chemistry of the 
reaction of haemoglobin with nitric oxide since Hermann’s discovery of nitric 
oxide haemoglobin almost a century ago. Hermann (1865) found, inter alia, 
that nitric oxide has at least five times greater affinity than carbon monoxide 
for haemoglobin, and accordingly is able to displace CO readily from combina- 
tion with haemoglobin. His careful gasometric experiments showed that the 
volume of carbon monoxide displaceable from fully saturated carboxyhaemo- 
globin is equal to the volume of nitric oxide absorbed by the haemoglobin, and 
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therefore that the gas-combining capacity of haemoglobin is the same for 
nitric oxide as for carbon monoxide. This conclusion is confirmed in a more 
direct way in the present paper. Adair’s (1925) intermediate compound hypo- 
thesis should therefore apply to nitric oxide haemoglobin, in the same manner 
as it is now generally believed to apply to oxyhaemoglobin and carboxyhaemo- 
globin. The kinetics and equilibria of the reactions of haemoglobin with nitric 
oxide should, accordingly, conform to the four-stage scheme: 


Hb,+NOSHD(NO), 2=J,; (1) 
al )+NO=Hb,(NO),, j =) (2) 
Je 
js 
Hb,(NO), + NO=Hb,(NO)s, (3) 
Js 
Hb,(NO),+NO=Hb,(NO),, (4) 
Ja 


In these equations 7}, j5, jg and j, are the combination velocity constants, 
ju» Ja> jg» 2nd j, the dissociation velocity constants and J,, J, J, and J, the 
equilibrium constants of the corresponding intermediate reactions. 

During the early stages of combination of nitric oxide with haemoglobin, the 
speed of the over-all process, which has proved to be faster than for any 
previously measured haemoglobin-ligand combination, should be given 
approximately by the equation 


(NO) [Hb], 6) 
where 


[NOHb] = total molar concentration of NO combined in all forms 


=[Hb,(NO)] + 2[/Hb,(NO),] + 3[Hb,(NO),] + 4[Hb,(NO),], (6) 
[Hb] =4[Hb,] + 3[Hb,(NO)] + 2[Hb,(NO),] +[Hb,(NO),], (7) 
and (8) 


Analogous equations to (5), (6), (7) and (8) have previously been derived and 
used for the early stages of combination of haemoglobin with oxygen and with 
carbon monoxide (see, for example, Gibson & Roughton (1955) and references 
therein). The first experimental subsection contains approximate measure- 
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ments of 7’ and j; ufider various conditions by means of Gibson’s stopped flow 
method. 

Of the dissociation velocity constants only j, is so far readily measurable. 
The rate of the reaction Hb,(NO),>Hb,(NO),+NO has turned out to be so 
slow that it can be followed by rotating a dilute solution of NOHb in an all- 
glass tonometer containing carbon monoxide at 1 atm pressure for periods of 
several hours and determining, by means of the Hartridge reversion spectro- 
scope, the percentage of residual NOHb after varying intervals. 

Direct determinations of the equilibrium between nitric oxide and haemo- 
globin are rendered extremely difficult by the remarkably high affinity of 
haemoglobin for nitric oxide, which, as will be shown later, is of the order of 
3000 times greater than for carbon monoxide. Indirect values of J, can, 
however, be derived from the equation 


(9) 


where L, = the equilibrium constant of the reaction Hb,(CO), +CO=Hb,(CO),, 
which can be estimated by the method described by Roughton (1954), and 
N is the partition equilibrium constant of haemoblogin between nitric oxide 
and carbon monoxide when shaken with mixtures of these gases sufficient to 
saturate the haemoglobin. Equation (9) is analogous to equation (16) of the 
appendix to Roughton’s (1954) paper, and is deducible in exactly the same 


-manner, provided that similar theoretical assumptions are applicable to fully 


saturated haemoglobin in equilibrium with CO-NO gas mixtures as with CO-O, 
gas mixtures. Actually 


N =[NOHb] [CO}/[COHb] [NO}, (10) 


[NOHb}) 
(NOHb]+[COHb]  (NO]+[CO]’ 


Values of N are easily obtainable by rotating dilute solutions of NOHb or 
COHb for several hours in tonometers containing appropriate proportions of 
NO and CO and then measuring at equilibrium the ratio of [NOHb] to [COHb] 
by means of the reversion spectroscope. 

Preliminary accounts of the present work have already been given else- 
where (Gibson & Roughton, 19555, c). It should be noted that the symbols in 
the present paper for the velocity constants and equilibrium constants of the 
nitric oxide reactions differ from those used in our two previously published 
notes. The symbols now chosen are more convenient and fall better into line 
with those already used for the reactions of haemoglobin with oxygen and with 
carbon monoxide. 


or (10a) 
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METHODS 


Sheep blood solutions were prepared and handled as described by Gibson & Roughton (19554), 
using tonometers adapted to fit the syringes of the stopped-flow apparatus. The concentrations 
used ranged from 1-6 x 10-*m to 8 x 10-* m corresponding to blood dilutions of 1 in 500 to 1 in 100. 

Nitric oxide was prepared by the reaction of sodium nitrite and potassium iodide in acid 
solution (Farkas & Melville, 1939), traces of iodine and other impurities being removed by 
washing with alkali. It was stored under positive pressure in all-glass tonometers of 1-5-3 |. 
capacity, such volumes being sufficient for a large number of experiments. The gas was analysed 
by absorption with 20% ferrous sulphate in about 2% sulphuric acid, and was usually found to be 
about 99 % nitric oxide. 

Solutions of nitric oxide of concentrations ranging from 1-6 10-'m to 6-4x10-*m were 
prepared by equilibrating the appropriate buffer solutions with gas mixtures containing partial 
pressures of nitric oxide ranging from 6 to 24 mm Hg. The concentrations of the solutions were 
calculated from the partial pressures and solubility coefficients of nitric oxide. Meticulous care 
was necessary to exclude all traces of oxygen, in view of the property of nitric oxide of combining 
spontaneously with oxygen to form nitrogen peroxide. 

Combination of NO with Hb. This reaction was measured with the stopped-flow apparatus 
described by Gibson & Roughton (19554), all records being made at least in duplicate. In all 
cases observations were made with light of mean wave-length 432 my, as given by an interference 
filter. The results are expressed in terms of the over-all velocity constant j’ (see equations (5) and 

8)). 
Measurement of NOHb: COHD by the reversion spectroscope 

Nitric oxide haemoglobin, like oxyhaemoglobin and carboxyhaemoglobin, has two absorption 
bands in the visible part of the spectrum. Of these the a-band is about 75 A to the red side of the 
corresponding «-band of carboxyhaemoglobin and is appreciably less sharp than the latter. The 
reversion spectroscope can, however, be used for estimating the ratio of NOHb to COHb in mix- 
tures of the two pigments, but is rather less accurate than for the familiar estimation, with its 
aid, of the ratio of COHb to O,Hb. 

Fig. 1 shows a calibration curve, obtained by mixing various proportions of 1 in 150 blood 
solution saturated with NO and 1 in 150 blood solution saturated with CO and reading the position 
of the a-bands of the resulting mixtures with the reversion spectroscope. The NOHb and COHb 
solutions were prepared by first reducing 100 ml. of 1 in 150 blood solution thoroughly by shaking 
several times with oxygen-free N,. 50 ml. of the stock solution of reduced haemoglobin was then 
transferred to a 200 ml. tonometer containing about 0-5% NO in O,-free N, and shaken so as to 
saturate the reduced Hb with NO. The NO-N, gas mixture was removed from the tonometer by 
evacuation, the tonometer was then washed twice with O,-free N, and the blood solution finally 
shaken with O,-free N, so as to reduce the amount of dissolved NO in the blood solution to a 
negligible figure. A second 50 ml. portion of the reduced blood solution was similarly treated with 
CO. The NOHb and COHb solutions were then transferred from their respective tonometers to 
separate burettes, from which suitable volumes were measured out into stoppered tubes of about 
1-5 cm diameter, with minimal air contact throughout. 


The rate of dissociation of NO from NOHb 

In these measurements it is absolutely essential to avoid contamination with appreciable 
amounts of oxygen. The following, somewhat elaborate, procedure was therefore adopted : 

(a) A stock of haemoglobin solution (usually laked blood diluted with 150 parts of buffer 
solution) was thoroughly shaken in a tonometer, A, with excess of O,-free carbon monoxide at a 
slight positive pressure so as to saturate the haemoglobin with carbon monoxide and to remove all 
oxygen (physically dissolved as well as chemically combined). 

(6) A second—all glass—tonometer, B, of about 200 ml. capacity and with a closed cylindrical 
end of about 1-5 cm diameter was filled to a slight positive pressure with O,-free nitrogen. 
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(c) A rubber tip was fitted to the stem of tonometer A, the latter placed in the cup of a Van 
Slyke gasometric chamber, with graduations at 10 ml. as well as at 0-5 and 2-0 ml. (see Fig. 1 A of 
Roughton (1954)), and the top of the tonometer cautiously opened so as to wash out the stem 
thoroughly with haemoglobin solution, the latter overflowing gently into the Van Slyke cup. 
When 3 or 4 ml. of haemoglobin solution had thus run out, the rubber tip of the stem on the tono- 
meter was firmly seated into the bottom of the Van Slyke cup (as in Fig. 1 B of Roughton’s (1954) 


paper) and 10 ml. of the Hb solution drawn into the Van Slyke chamber, using the 10 ml. gradua- 
tion mark on the latter for the measurement. 


10 


NOHb (%) 


Actual reading less 100% COHb reading (in Angstrom units) 
Fig. 1. Calibration curve for determination of mixtures of NOHb and COHb by means o 
the reversion spectroscope. 


(2d) The stem of tonometer B was also fitted with a rubber tip, and the excess pressure of nitro- 
gen blown off under a layer of mercury in the cup of the Van Slyke chamber, which had just been 
charged with the 10 ml. of COHb solution. The latter was then transferred directly into tonometer 
B by raising the mercury reservoir of the Van Slyke apparatus and by suitably manipulating the 
various taps. 

(e) The physically dissolved carbon monoxide in the COHb solution in tonometer B was then 
removed by shaking with three washings of oxygen-free nitrogen: the tonometer being finally left 
with a slight positive pressure of the latter. 

(f) About 2 ml. of nitric oxide gas were transferred into the chamber of the Van Slyke apparatus 
with similar precautions to avoid all contact with atmospheric air. 

(g) The stem of tonometer B was flushed with a small amount of Hb solution (by cautiously 
opening the tonometer tap), and then seated into the bottom of the Van Slyke cup, so that the 
2 ml. of NO could next be transferred from the Van Slyke chamber to the tonometer, without any 
contact with the outside air. 

(h) Tonometer B was then rotated in a water bath at 19° C for at least 15 min, so as to permit 
the nitric oxide in the gas phase to displace the carbon monoxide practically completely from 
combination with the haemoglobin. 
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(é) Tonometer B was then removed from the water-bath, evacuated and shaken with three 
washings of oxygen-free nitrogen so as to remove completely all the nitric oxide from the gas phase 
and from physical solution. The NOHb, however, is so stable that no appreciable dissociation of 
the latter can occur during this process. Finally the tonometer was evacuated, filled with oxygen- 
free carbon monoxide to an appropriate pressure (usually 1 atm) and then rotated for a series of 
periods in @ constant temperature water-bath. 

(j) At the end of each rotation period the tonometer was removed from the water-bath and held 
vertically so that all the haemoglobin solution drained into the cylindrical tube at the end of the 
tonometer. The percentage NOHb in the cylindrical tube was then estimated by means of the 
reversion spectroscope. If the tonometer had been rotated at other than room temperature, the 
cylindrical tube at the end of the tonometer was immersed for a few minutes in a beaker of water 
at room temperature before the spectroscopic determination was made. The reason for the latter 
precaution was that the positions of the spectral absorption bands of haemoglobin compounds are 
sensitive to temperature. 


The partition equilibrium of haemoglobin between carbon monoxide and nitric oxide 

A similar combination of gasometric and spectrometric procedure was used for this purpose, 
Steps (a), (b), (c) and (d) were the same as in the determination of the rate of dissociation of nitric 
oxide from NOHb as just described. The oxygen-free nitrogen in tonometer B was then replaced 
by oxygen-free carbon monoxide and an accurately measured volume of nitric oxide, ranging from 
0-02 to 0-10 ml., was then transferred into the tonometer from the Van Slyke chamber. This was 
done by taking into the Van Slyke chamber a suitable volume of nitric oxide, measuring its pres- 
sure p, at the 0-5 ml. mark, forcing the whole of the nitric oxide into tonometer B and then measur- 
ing again the pressure p,. The volume of nitric oxide, in ml. (8.t.p.), =(p,-—p,) x 0-5 x 273 «x 
percentage purity of nitric oxide +760 x (273 + temperature (°C) of Van Slyke chamber). The 
tonometer was then rotated in the constant temperature bath for periods ranging from 2 hr at 
38° C to 12 hr at 19° C. These periods of rotation were sufficient to secure equilibrium in the case 
of the dilute haemoglobin solutions used, as was shown by control experiments in which (a) the 
rotation was continued for several hours longer and (6) NOHb instead of COHb was equilibrated 
with the same gas mixture. At the end of the equilibration the tonometer was removed from the 
bath and the percentage NOHb determined by the reversion spectroscope. The partition equili- 
brium constant was then calculated, as in the following worked example: 

Volume of tonometer = 183 ml. 

Volume of I in 150 blood solution (pH 9-1) introduced into tonometer = 10 ml. 

Gas combining capacity of the 10 ml. blood solution=0-01 ml. (s.t.p.). 

Volume of nitric oxide introduced into tonometer ~0-0883 ml. (s.t.p.). 

Percentage NOHb after 11 hr rotation at 19° C=65. 

Volume of nitric oxide combined with haemoglobin 


=0-01 x 65/100 =0-0065 ml. (s.t.p.) 
Residual nitric oxide in gas phase of tonometer 
= 0-0883-0-0065 = 0-0818 ml. (s.t.p.). 
Carbon monoxide in gas phase of tonometer 
_ (183 - 10) x 273 x 723 


(273 +19) x 760 1539 ml. (e-t.p.). 
The figure 723 =(barometric pressure - water vapour pressure) x percentage purity of carbon 
monoxide/100. 
Therefore 153-9 solubility of CO 


36 0-0818 * solubility of NO 
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RESULTS. 
The combination of nitric oxide with reduced haemoglobin 
Fig. 2A gives the results of an experiment in which 1 in 300 reduced blood 
solution was mixed with NO solution of equivalent strength at 7-5° C and 
pH 9-1 (005m borate solution). The concentrations of the reagents just after 
mixture were 1-3x10-°m (Hb} and 1-3x10-'m [NO]. Even at these low 
concentrations and low temperature the reaction is half complete in only 


x 
A 
gol x 
/ 
20 
/ 
0 5 10 15 20 
Time (msec) 


Fig. 2. Rate of combination of nitric oxide with haemoglobin in 0-05™ borate buffer, pH 9-1. 
(A) Temperature 75°C. [NO]=[Hb]=1-3 x 10-*m, just after mixture. (B) Temperature 
24-5° C. [NO]=[Hb]=2-1 x 10-*m, just after mixture. 


about 6 msec, the value of 7’ (the over-all velocity constant), viz. 1-3 x 10’ 
(m~! sec-), being about four times greater than that of k’, the over-all velocity 
constant for the rate of combination of oxygen with reduced haemoglobin 
under similar conditions. Unlike the latter reaction, the rate of combination 
of NO with Hb is sensitive to temperature, having a Q,, (temperature coeffi- 
cient/10° C) of about 1-5. Fig. 2B shows an experiment at 24-5° C and pH 9-1 
on the Hb solution prepared from the same blood as in Fig. 24, bu’ with 
higher concentrations, i.e. [Hb]=[NO]=2-1x 10-'m. In this case, a large 
fraction of the total reaction fell within the ‘dead time’ of the apparatus, so 
33 PHYSIO. CXXXVI 
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that the best value of j’ that can be deduced from the experiment, viz. 
2-6 x 107 (m-! sec), is open to some doubt. Though the same reservation also 
applies to many of the individual data assembled in Table 1, it is clear that the 
over-all rate of the NO+Hb reaction is far greater than that of any other 
known ligand + Hb reaction, being in fact of the same order of speed as the 
fastest enzyme-substrate combinations so far recorded. Most of the experi- 
ments in Table 1 were performed at pH 9-1; Expts. 4a and 46, however, show 
the effect of change of pH from 9-1 to 7-1. The threefold decrease in 7’ needs 


Taste 1. Values of j’, the over-all velocity constant of combination of NO with Hb 


{Hb} 
Expt. (m x 10°) (m x 10°) (° pH j' (msec x 10-") 
1 2-2 2 21 91 2-4 
2 15 1-1 20 9-1 3-5 
3a 1-7 1-7 14 9-1 2-6 
3b 1-7 1-7 24-5 9-1 3-7 
4a 21 21 21 9-1 4-5 
4b 2-1 21 21 71 1-5 


confirmation by further experiments, preferably with methods in which the 


‘ earliest time of observation can be reduced to 0-5 msec, as in the most rapid of 


existing ‘moving-flow’ methods (as distinguished from the ‘stopped-flow’ 
method) or by a further development of the flash photolysis method (Gibson, 
1956). Expts. 3a and 36 provide a further instance of the effect of temperature ; 
the value of Q,, derived therefrom, viz. 1-4, agrees satisfactorily with that 
already found in the experiments plotted in Fig. 2. 

The average value of 7’ at pH 9-1, 20° C, from the experiments so far carried 
out is about 3-5 x 10’ m~ sec-!: the corresponding value of j;, which is four 
times greater, is thus 1-4 x 10° sec". 


The velocity constant, j,, of the reaction Hb,(NO), > Hb,(NO), + NO 
The theoretical basis of the method, of which the experimental details have 
already been fully given, is the same as that previously adopted by Roughton 
(1934) for measuring |,, the velocity constant of the reaction Hb,(CO),> 
Hb,(CO),+CO. Ifa small volume of dilute solution of Hb,(NO), is rotated or 
shaken with a large volume of carbon monoxide gas, the following pair of 
reactions takes place at the start: 


Hb,(NO), — Hb,(NO), + NO, (lla) 

Hb,(NO), +CO — Hb,(NO),CO. (115) 

Next a molecule of NO dissociates from Hb,(NO),CO and is replaced by a 
molecule of CO to give Hb,(NO),(CO), and so on until finally Hb,(CO), is 
formed. At pressures of CO of the order of 1 atm it is found that reactions of 


the type of (116) take place so much more rapidly from left to right than reac- 
tions of the type (11a) that in the earliest stages when no intermediates con- 
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taining less than 3 molecules of combined NO are present the rate of NO 
dissociation conforms to the equation 


{Hb(NO),), (12) 

where I= 


Equation (13) will apply throughout the whole of the replacement process as 
well as to the earliest stages, provided that the velocity constant for dissocia- 
tion of NO from a fully saturated mixed intermediate, Hb,(NO),(CO),_,, is 
equal to a }aj,, i.e. is proportional to the actual number, a, of combined NO 
molecules in the intermediate compound. This principle has been fully dis- 
cussed by Gibson & Roughton (1955a) for the analogous case of oxygen 
replacement by carbon monoxide (and vice versa), and has been substantiated 
by them in numerous and varied experimental tests, for a detailed discussion 
of which reference should be made to their paper. Similar tests have shown 
that the same statistical kind of principle holds good in the case of CO-NO 
replacement and vice versa. 

If equation (13) is valid then a plot of log,, (°4 NOHb) against time should 
give a straight line. Fig 3 shows a typical example, in which 10 ml. of 1 in 150 
blood solution 93° saturated with NO (pH 9-1, 0-2m borate buffer) were 
rotated at 16°5° C for periods up to 10 hr in a 189 ml. tonometer containing 
carbon monoxide at 1 atm pressure. The values of log,, (°%4 NOHb) plotted in 
Fig. 3 are those which were actually determined in each experimental observa- 
tion, but the values of the corresponding times have in every case been 
corrected for the effect of the back reaction, as described in the Appendix. The 
size of the correction increases, of course, with the extent of the replacement, 
but even in the case of the observation at 9-2 hr only amounts to about 7% 
of the latter. The actual value of j, for the experiment of Fig. 3 is 0-000092 sec", 
and is thus far smaller than any previously recorded dissociation velocity con- 
stant of a haemoglobin-ligand reaction, being in fact only of the order of one 


two-hundredth of |,, the velocity constant of the Hb,(CO), + Hb,(CO), +CO 
reaction. 


Effect of variations of pCO, [Hb] and individual sheep blood samples 
If the theory underlying the method is correct then the measured value of 
j, Should be unaffected by a change in the pressure of carbon monoxide with 
which the NOHb solution is rotated. Table 2 shows that a threefold variation 
from 0-5 to 1-5 atmCO has in fact no significant effect on j,. 
_ If the reaction is truly unimolecular then the measured value of j, should be 
independent of haemoglobin concentration. Table 2 shows that increase of 
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[Hb] to three times its normal value only affects 9, by 5% at most, both at 
pH 9-1 and at pH 5-8. Such an effect is well within the limits of experimental 
error. 

Table 2 shows that the value of j, under standard conditions of pH (i.e. 9-1) 
and temperature (i.e. 19°C), varies appreciably from sheep to sheep, pre- 
sumably owing to individual differences in the globin portions of the haemo- 


100 


(% NOHb) 


i i 


‘ 
0 2 4 6 8 10 

Time (hr) 
Fig. 3. Rate of dissociation of NOHb at 16-5° C, pH 9-1 (0-2™ borate), 1 in 150 blood solution. 


Tasie 2. Effects of [CO), [Hb] and individual variations within the species on j, 


Temp. [Hb] pco 
CC) (uxt) 


pH 
A. [CO] variation 91 19 5 1-5 0-000111 
9-1 19 5 0-5 0-000114 
B. (Hb) variation 9-1 17 15* 1-0 0-000077 
9-1 me | 5 1-0 0-000081 
6-8 17 15* 10 0-000174 
6-8 17 5 1-0 0-000182 
C, Individual blood 9-1 19 5 1-0 0-000119 
variations 91 19 5 1-0 0-000101 
91 19 5 10 0-000160 
9-1 19 5 10 0-000092 


* In the case of the higher haemoglobin concentration, it was necessary to run the blood 


solution out of the tonometer into a 5 mm parallel-sided glass trough before the absorption bands 
were measured with the reversion spectroscope. 
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globin molecule. The magnitude of the variations in j, is of the same order as 
has been previously seen in the case of other haemoglobin velocity constants. 
It should be noted that the comparative tests in Table 2, parts A and B, were 
all made on blood from the same sheep. 


5 6 7 8 9 
pH 
Fig. 4. Effect of pH on j,. 
Effect of pH 


Experiments over the range pH 6-0-9-1 were carried out on laked blood 
diluted to 1 in 150 with 0-05m phosphate or 0-2m borate buffer. The results 
were essentially the same with blood from three different sheep. Fig. 4 shows a 
plot of the data obtained at 20-3° C in the most complete case studied. The 
circles represent the actual values of j, at each pH whilst the full curve, which 
is similar to the titration curve of a weak acid, is a theoretical one calculated 
on the assumptions that 


(i) sheep haemoglobin contains a NO- labile acid group with a pK =6-7; 


_ (i) the value of j, for the un-ionized form = 0-00039, whereas the value of j, for 


the ionized form =0-00013; 
(11) at any intermediate hydrogen-ion concentration, h, 


. 0-00039h +0-00013 x 10-*7 
la? (14) 
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since on assumption (i) the proportions of nitric oxide haemoglobin in the un- 
ionized and ionized forms are h/(h+10-*7) and 10-*7/(h + 10-*") respectively. 
The observed results in Fig. 4 agree very satisfactorily with the gas-labile 
ionizing group theory, which has for many years been generally accepted for 
oxyhaemoglobin, carboxyhaemoglobin and reduced haemoglobin. It is further- 
more of interest to note that the numerical value for the pK of the gas-labile 
group in nitric oxide haemoglobin agrees closely with the values for this group in 
oxyhaemoglobin and carboxyhaemoglobin. A more complete test of equation 
(14) would have been obtained by extending the observations down to pH 5-0. 
Owing, however, to the instability of haemoglobin below pH 6-0, such an 
extension was not practicable. 


Effect of temperature 
Table 3 shows the effect of temperature over the range 20—38° C, on the value 
of j, at pH 6-8 and at pH 9-0, together with the value of the energy of activa- 
tion, A, as calculated from the equation 


where 7',, 7, are temperatures in degrees absolute and R is the usual gas con- 
stant (1-98 cal). The corresponding values of Q,,, the temperature coefficient 
per 10° C, are 5-3 at pH 6-8 and 5-6 at pH 9-0. These energies of activation and 
temperature coefficients are much higher than have been observed in the case 


TaB_e 3. Effect of temperature on j,. 


Temp. (°C) (sec) A (cal) 
pH 6-8 20-2 0-000256 
38-2 0-004850 29,500 
pH 68 19-0 0-000134 
38-0 0-002840 28,900 
Mean 29,200 
pH 9-0 202 0-000144 
pH 9-0 19-0 0-000101 
38-0 0-002190 29,100 
Men 30,300 


of any previous haemoglobin reaction velocity constant, but are in quantita- 
tive accord, on classical physico-chemical theory, with the extremely low 
value of j,. This matter is further considered in a contribution to the recent 
Faraday Society Discussion on ‘The Physical Chemistry of Enzymes’ 
(Gibson & Roughton, 1955c). 
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| Effect of species variation 
No detailed studies have yet been made, but preliminary comparisons 
have shown that the value of j, at pH 9-1 for human haemoglobin is 3-5 times 
smaller than for sheep haemoglobin. Measurements of j,, and the effect of 
temperature thereon, should obviously be extended to a wide range of species. 


Comparison of the rate of the reaction in solution and in the red cell 

Roughton (1932) has shown that the faster the haemoglobin reaction, the 
greater the discrepancy is between the observed rate in solution and in the red 
cell, owing to the limiting effect of diffusion in the membrane and interior of 
the red cell. Thus for the combination of oxygen there is about a tenfold 
discrepancy, whereas for the slower combination of carbon monoxide the 
discrepancy falls to threefold. In the case of the very much slower dissocia- 
tion of carboxyhaemoglobin the observed rate is the same in solution and in 
the red cell, the limiting effect of diffusion in this case being negligible. Since 
nitric oxide haemoglobin has been shown to dissociate about a hundred times 
more slowly than carboxyhaemoglobin it should be expected that this reaction 
also would take place at the same rate in solution and in the red cell. 


The partition equilibrium constant of haemoglobin between NO and CO 

Verification of equations (10) and (10a). Fig. 5 shows the results obtained in a 
typical experiment at pH 9-1 at 19° C, in which sheep haemoglobin solution 
(0-1 g/100 ml.) was rotated for periods of 18 hr with gas mixtures containing 
CO at 740 mm Hg and four different partial pressures of NO ranging from 
0-14 to 0-84 mm Hg. The circles represent actual observed results, whereas the 
full line curve is a rectangular hyperbola corresponding to the theoretical 
equation (cf. equation (10a)), 


°%/ NOHb/100 = 3700 pNO/(pNO + pCO). (16) 


The points clearly fall on the curve within the limits of experimental error, and 
the corresponding value of N as defined by equation (10) 


3700 x solubility coefficient of CO 
solubility coefficient of NO 


A similar satisfactory concordance between experiment and theory has been 
found in all the determinations of N (upwards of 20 in number) so far carried 
out on sheep haemoglobin solution. | 

Table 4 summarizes values of N obtained at pH 9-1, 19° C on haemoglobin 
solutions prepared from five different samples of sheep blood, together with 
values of N at pH 6-8, 19° C in the case of the last two blood samples. There is a 
slight individual variation, of the order of 10% from the mean, and there is 
also a slight effect of pH, i.e. about 1-2 times, over the range pH 6-8-9-1. 
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A similar though larger effect of pH on M, the partition equilibrium constant 
of haemoglobin between CO and O,, has been reported by Roughton (1954). 


100 


NOHb (%) 


i L 
0 0-2 0-4 0-6 08 1-0 
NO pressure (mm Hg) 
Fig. 5. Partition equilibrium of haemoglobin between NO and CO when shaken with gas mixtures 
containing small partial pressures of NO in gas phases containing CO at a partial pressure of 
740 mm Hg (pH 9-1, 19°C). Abscissa=partial pressure of NO. Ordinate=% NOHb at 
equilibrium. 


TABLE 4; Values of N at pH 9-1 and pH 6-8, 19°C | 


Blood 
sample WN at pH 9-1 N at pH 6-8 


1 1545 
2 1545 — 
3 1810 — 
4 1540 1350 
5 1630 1360 
Mean 1614 1355 


Effect of temperature. Table 5 shows the effect of temperature, over the range 
19-38" C on the value of N at pH 6-8 and at pH 9-0, together with the values 
of AH, the heat of the reaction NO+COHb—> CO+NOHb, as calculated 
from the Van’t Hoff isochore 


N at 7, AH l 1 
at T =F 
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The negative value of AH means that the reaction NO +COHb -» CO+NOHb 
is exothermic, as is the case also for the reaction CO +0,Hb > 0,+COHb, the 
heat of which (in the case of sheep haemoglobin) is, however, distinctly larger 
over the range 0-19° C (Roughton, 1954). 

Owing to lack of time no study has yet been made of the effect of species 
variation on N. It would also be desirable to determine the effect, if any, of 
varying haemoglobin concentration. 


Tastx 5. Effect of temperature on N 


Temp. (° C) N AH (cal) 
37-5 1050 
37-5 1310 
: Possibility of side reactions of nitric oxide: equivalence of NO- 
and CO-capacities of haemoglobin 


Control experiments, already mentioned in the Methods section, have shown 
that once equilibrium is reached further rotation, for several hours, of the 
blood solution with the NO-CO gas mixture in the tonometer causes no change 
in the equilibrium percentage NOHb. This result, per se, is good evidence 
against progressive disappearance of nitric oxide by side reactions. Nitric 
oxide is, however, usually stated to be unstable in contact with water and it 
was therefore decided to determine directly the amount of nitric oxide absorbed 
by oxygen-free buffer solution over a period of 24 hr. 

2-5 ml. of 3% borax solution was thoroughly de-aerated in a Van Slyke gasometric chamber. 
About 0-5 ml. of nitric oxide was then introduced into the chamber, the mercury lowered to the 
50 ml. mark and the solution equilibrated with the nitric oxide by shaking for 3 min at 17° C. The 
pressure of nitric oxide was read at the 2 ml. mark and the mercury lowered again to the 50 ml. 
mark. The pressure at the 2 mi. mark was read at varying intervals during the following day. At 
the end of 24 hr the pressure of nitric oxide had only dropped by about 1 % of its original value, 
thus showing that hydrolysis or other slow reactions with water could not have been of significance 
during 24-hour rotation periods at room temperature. 

Nitric oxide is a relatively reactive gas and might, of course, react with other 
groups in the haemoglobin molecule besides the iron atoms. This possibility 
was examined in the following way: 


(a) 5 ml. of water containing 4 drops of octyl alcohol was thoroughly evacuated in the Van Slyke 


' chamber, all extracted gas completely expelled and the pressure reading, p,, at the 2 ml. mark 


taken with only aqueous vapour and solution present in the chamber. 

(b) About 0-5 ml. of nitric oxide, of known purity, was then introduced anaerobically into the 
Van Slyke chamber and the pressure, p,, again read at the 2? ml. mark. From the difference, 
P, ~ Py, and the percentage purity, the volume of nitric oxide (s.t.p.) is calculated in the usual way. 

(c) 40 ml. of 1 in 4 laked sheep blood, containing 1% boric acid as preservative, was com- 
pletely deoxygenated by repeated shaking with oxygen-free nitrogen in a 100 ml. tonometer fused 
to a 30 ml, burette graduated in 0-1 ml. divisions. 

(1) Exactly 10 ml. of the deoxygenated blood solution was transferred from the tonometer to the 


Van Slyke chamber, the mercury lowered to the 50 ml. mark and the blood solution shaken with 


he 


aw 


nt i} 
v.! 
“ 
¢ 
Pai 
¢ 
' 
res 
at 
As 
+ 
= 
ES 
sy 
i 
i 
4 
5 
— 


522 Q. H. GIBSON AND F. J. W. ROUGHTON 


the nitric oxide gas phase for successive periods of 10 min, the pressure at the 2 ml. mark being 
read at the end of each such period. It was found that at 14° C the nitric oxide absorption was 
99 % complete in 10 min, and that after 20 min no further detectable absorption occurred. During 
the shaking the pressure of nitric oxide, i.e. about 1-5% atm, was about 10 times higher than in the 
determinations of N, whereas the concentration of haemoglobin was nearly 40 times greater. It 
therefore seems most improbable that any significant amount of nitric oxide could be slowly 
absorbed by the dilute haemoglobin solutions, used in the N determinations, even over periods as 
long as 24 hr. 

(e) To complete the determination of the NO-capacity of the blood solution, any CO, evolved 
into the gas phase of the chamber was then absorbed by running in 1 ml. of de-aerated n-NaOH, 
at the end of which the pressure at the 2 ml. mark was again read = p,. 

(f) The percentage nitric oxide in the chamber gas was determined by expelling a bubble of the 
gas into a Scholander-Roughton syringe and annlysing for NO by absorption with acid FeSO,, by 
the same technique as Roughton & Root (1945) used for analysis of carbon monoxide bubbles, save 
that in the latter case Winkler’s solution was used as absorbent. 

(g) The remaining gas in the chamber was then completely expelled, and a final reading taken at 
the 2 ml. mark (p,). From p,-p, and the percentage NO at stage (f) the residual unabsorbed 
nitric oxide is caloulated. Subtraction of the latter from the total nitric oxide originally introduced 
gives the volume of nitric oxide absorbed whence, after allowance for physically dissolved nitric 
oxide, the NO-capacity of the 1 in 4 blood solution can be calculated as in the following 
example: 

Pp, = 354-5, p, = 151, p, 203-5 mm Hg at 141°C. 

Purity of initial nitric oxide = 98 %. 

Volume of nitric oxide introduced initially = 0-502 ml. (s.t.p.). 

174, p, =99-2, p, 74-8 mm Hg at 13-9° C. 

Purity of final nitric oxide in chamber ~ 81-2 % (remainder = N,). 

Volume of nitric oxide in physical solution=15 (total volume of fluid) x 0-048 (solubility 


coefficient of NO) x = x x (pressure of NO in atm when mercury is at 50 ml. mark) 


760 

= 0-003 ml. (s.t.p.). 

Volume of nitric oxide in chemical combination = 0-350 - 0-003 = 0-347 ml. (s.t.p.). 

Since 10 ml. of blood diluted 1 in 4 were used, NO capacity of original blood = 13-88 vol. %. 

An exactly similar experiment on a second 10 ml. sample from the same stock of reduced haemo- 
globin solution, but with carbon monoxide in place of nitric oxide, gave a CO-capacity = 13-60 
vol. %, in satisfactory agreement with the above figure for the NO-capacity of the same blood. 
Hermann’s (1865) original demonstration of the equivalence of these two capacities is thus con- 
firmed in an entirely independent manner. 

It was noted that the rate of carbon monoxide absorption during the shaking process was about 
half the rate of nitric oxide absorption at the same gas pressures, Just such a difference is to be 
expected since the solubility coefficient of carbon monoxide is about half that of nitric oxide. 


DISCUSSION 
Absence of interaction effects at high percentage saturations of haemoglobin 
The previous work of Roughton (1934) and of Gibson & Roughton 19552) has 
provided strong and varied evidence for their tenets that: 


(I) If all four iron atoms in the haemoglobin molecule are combined with 
oxygen, i.e. Hb,O,, or with carbon monoxide, i.e. Hb,(CO),, or partly with 
oxygen and partly with carbon monoxide i.e. Hb,(0,),(CO),_, (where 


| 
| 
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a=3, 2, or 1), then the velocity constant for dissociation of an oxygen or 
carbon monoxide molecule is simply proportional to the total number of 
combined oxygen or carbon monoxide molecules in the dissociating complex. 
In these circumstances there are thus no interactive effects from neighbour- 
ing iron atoms. 

(II) If three out of the four iron atoms are combined with oxygen, i.e. Hb,O,, or 
with carbon monoxide Hb,(CO),, or partly with oxygen and partly with 
carbon monoxide, i.e. Hb,(O,),(CO),_, (where b=2 or 1), then the velocity 
constant for combination of oxygen with the last free iron atom on the 
haemoglobin is the same in all four cases: similarly for the velocity constant 
of combination of carbon monoxide with any such molecule, though the 
numerical values of the combination velocity constants are of course dif- 
ferent in the case of oxygen and carbon monoxide. 


The work in the present paper on the rate of dissociation of NO-haemoglobin 
in presence of high concentrations of carbon monoxide indicates that tenet I 
can now be extended to nitric oxide. The validity of tenet IT, as regards nitric 
oxide, has also been confirmed by us, inter alia, by. measurements of the rate 
at which nitric oxide replaces carbon monoxide from combination with 
haemoglobin, when solutions of carboxyhaemoglobin are rotated with gas 
mixtures of carbon monoxide plus very small. percentages of nitric oxide (as in 
the determination of N). The experimental details and results of this work are 
described in another paper (Gibson & Roughton, 1957), which also contains 
a varied range of further evidence, all of which goes to support the validity of 
tenets I and II not only as regards nitric oxide but also as regards carbon 
monoxide. 

Calculation of J,. From equation (9), it follows that at pH 9-1, 19° C 


J,=average value of N (see Table 4)xaverage value of L, (as given by 
Roughton, 1954) 


= 1600 x 2-9 x 108 
=4-6x 104 


From equation (9) it also follows that the heat of the reaction Hb,(NO), + NO 
(solution) > Hb,(NO), =the heat of the reaction NO+COHb > CO+NOHb 
plus the heat of the reaction Hb,(CO),+CO (solution) > Hb,(CO), = — 2200 
(see Table 7)— 10500 (Roughton, 1954) = — 12,700 cal at pH 9-1. The corre- 
sponding value of Q,,, the temperature coefficient per 10° C rise, is 0-49. (The 
values given in Table 4 of Roughton’s (1954) paper are for the heat of the 
reaction Hb,(CO), +CO (gas) + Hb,(CO), and for our present purpose need to 
be corrected for the heat of solution of carbon monoxide.) 

No sufficiently accurate values of L, at pH 6-8 are yet available to permit 
calculation of J, at that pH. 
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Calculation of j;. From equation (4) 
j, at pH 9-1, 19° C=J, x average value of j, (see Table 2) 
=4-6 x 10" x 1-07 x 10° 
=4-9 x 10° m-? sec". 


The numerical value of j, is over three times greater than j;, thus showing that 
interaction effects as regards combination velocity constants still persist in the 
nitric oxide-haemoglobin reactions, which are by far the fastest ligand- 
haemoglobin combinations yet investigated, but in less degree than in the 
slower combinations of haemoglobin with oxygen or with carbon monoxide. 
The interaction effect, if the ratio of the fourth combination velocity constant 
to the first combination velocity be taken as an index, does indeed appear to 
decrease progressively as the absolute value of the velocity of combination of 
ligand with haemoglobin increases. It would be of interest to find out whether 
this relation also applies to combinations of haemoglobin with other ligands, 
e.g. the isocyanides, the kinetics of which have not yet been investigated. 
Calculation of Q,., the temperature coefficient per 10° C, of 7, at pH 91. 

From equation (4) it also follows that 


Qo OF =Qio Of Jy x Qro Of 
=0-49 x 5-6 
= 2-75. 
The corresponding energy of activation =17,600 cal. These values for the 
Qi and energy of activation are both remarkably high for such a fast reaction. 
The partition equilibrium constant of the hypothetical reaction NO +0,Hb=0, 
+ NOHb. This reaction cannot be isolated owing to the well-known sponta- 
neous combination of nitric oxide with oxygen to form nitrogen peroxide 
(2NO+ 0, +> 2NO,). It is indeed this fact which prevents nitric oxide from 
being, in practice, an excessively poisonous gas. The numerical value of the 
partition equilibrium constant of this hypothetical reaction must, however, 
according to the Law of Mass Action 
= N x M (the partition equilibrium constant of the reaction CO + O,Hb=0, + 
COHb) 
= 1600 x 240 = 384,000 at pH 9-1, 19° C 
= 1350 x 180 = 243,000 at pH 6-8, 19°C. . 


SUMMARY 


1. Hermann’s (1865) finding that nitric oxide combines with haemoglobin 
in the same definite proportions as do oxygen and carbon monoxide has been 
confirmed by more precise methods. It has furthermore been shown that 
nitric oxide reacts only with the haem groups, even on prolonged exposure. 
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2. Nitric oxide has about 1500 times greater affinity for haemoglobin than 
has carbon monoxide. This result was obtained by equilibrating haemoglobin 
with gas mixtures containing 99-100% CO and 0-1% NO, and determining 
the final proportions of COHb and NOHb with the reversion spectroscope. 

3. This remarkable affinity of NO for Hb is chiefly due to the slow rate of 
breakdown of NOHb. The half-time for dissociation of the first NO molecule 
from Hb,(NO), at 19° is about 8 hr at pH 9 and about 3 hr at pH 6-0. The Q,, is 
about 5-5. 

4. The combination of nitric oxide with reduced haemoglobin takes place 
5-20 times faster than the reaction with oxygen and is, indeed, the fastest 
direct reaction so far measured of an oxygen-carrying pigment with any ligand. 
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APPENDIX | 
Allowance for the back reaction in the rate of dissociation of NOHb 
According to the present paper the velocity of the forward reaction 
(1A) 
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where n=j,/4. Experiments described elsewhere (Gibson & 1957) 
show that the velocity of the back reaction 


=n’ 
where n’ =n x N. The complete expression for the rate of dissociation of NOHb 
is therefore 

dw 34 


where“@ =[NOHb] at zero time, a~w=[NOHb] at time ¢. Since the carbon 
monoxide is in great excess it may be taken as constant, and since furthermore 
[NO] must be proportional to w, equation (3A) may be replaced by the simpler 
form 


= =n (a—w) —n"w*, (4A) 


where n” =@n’ 
6 =ano x CO pressure in atm), 
&no =solubility coefficient of NO, 
Xo =solubility coefficient of CO, 
V,, = volume of liquid phase in tonometer, 
V, =volume of gas phase in tonometer. 


The solution of equation (4A) by standard methods, is 


a 


~ coth [nt/(} + 

Table 1A shows the calculated effect of the back reaction in a typical 

example at pH 9-1 at 19°C in which n=3x 10-5 (i.e. j,=4n=1-2 x 10-4), 
N = 1500; a=4x10-°m NOHb, CO=9x 10-*m, =10 ml., ml. 

Up to 50% dissociation the error in the calculation of n, if the back 


reaction is neglected, is seen to be less than 5-0% but thereafter mounts 
rapidly. 


w= 


(5A) 


Tasie 1A. Effect of back reaction in typical example in which n=3 x 10-5 sec, NW = 1500 


a—w to value of 2 
back reaction back reaction back reaction if back reaction due to back 
(min) neglected included included reaction 
0 100 0 100 0 0 

163 745 0-1275 7146 0-1270 0-4 
326 55-6 0-2550 56-4 0-2489 2-4 
489 41-4 0-3825 43-2 0-3640 4-8 
652 30-9 0-5100 34-5 0-4629 9-2 
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SYNAPTIC ACTIONS ON MOTONEURONES IN RELATION TO 
THE TWO COMPONENTS OF THE GROUP I MUSCLE 
AFFERENT VOLLEY 


By J. C. ECCLES, ROSAMOND M. ECCLES anp A. LUNDBERG 


From the Department of Physiology, Australian National University, 
Canberra, Australia 


(Received 1 January 1957) 


It was first suggested by Hoffmann (1922) that the central pathway for tendon 
reflexes (Eigenreflexen) was monosynaptic, being formed by the large reflexo- 
motor collaterals of dorsal root fibres (cf. Cajal, 1909, figs. 113, 115). With the 
development of electrical techniques it was possible not only to confirm the 
monosynaptic nature of tendon reflexes, but also to show that they are mediated 
by very large afferent fibres conducting as fast as 116 m/sec (Lloyd, 1943a, 5). 
It has further been shown that the afferent impulses from a muscle exert a 


monosynaptic excitatory action on a very restricted group of motoneurones, — 


namely the motoneurones of that muscle and of muscles synergic with it 
(Lloyd, 1946; Laporte & Lloyd, 1952). Subsequent investigations have largely 


been concerned with the attempt to determine the type of receptor organ — 


connected with these large afferent fibres, i.e. to decide between annulo-spiral 
endings and Golgi tendon organs, which together contribute almost all of the 
large afferent fibres (the so-called group I fibres) in muscle nerves (Sherrington, 
1894; Matthews, 1933; Barker, 1948; Hunt, 1954). Attempts by Granit (1950, 
1952), McCouch; Deering & Stewart (1950), Granit & Strém (1951), Hunt 
(1952) and Job (1953) specifically to excite Golgi tendon organs have uniformly 
failed to reveal any synaptic excitatory action that conforms with the pattern 
of group I monosynaptic excitation. On the other hand, with activation of 
muscle spindles and hence presumably of annulo-spiral endings by tetanization 
of the small motor fibres, i.e. the gamma efferents, Hunt (1952) obtained 
excitatory action on homonymous as well as on synergic motoneurones. 

The effects exerted on motoneurones by impulses from Golgi tendon organs 
have been investigated, both with the use of adequate stimulation and with 
group I volleys evoked in the severed muscle nerve. Laporte & Lloyd (1952) 
carried out an extensive study utilizing the latter technique, and found that 
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group I fibres could reflexly inhibit homonymous and synergic motoneurones 
as well as facilitate antagonists. They associated this ‘inverse myotatic reflex 
mechanism’ with activity in tendon organ afferents. Adequate activation of 
Golgi tendon organs (Granit, 1950, 1952; McCouch et al. 1950; Granit & Strom, 
1951; Hunt, 1952; Job, 1953) provided evidence that impulses from these 
receptors in a muscle inhibited motoneurones supplying that muscle, i.e. that 
they exerted an autogenetic inhibitory action (cf. Granit, 1955). 

It has been reported (Bradley & Eccles, 1953) that, when afferent volleys 
were set up in the quadriceps and hamstring nerves of cat and recorded from 
the appropriate dorsal root, the group I spike was almost invariably double. 
By making use of the relatively large threshold differential between the 
afferent fibres contributing respectively to these two spike components, it was 
further shown that the fast spike was approximately proportional both to the 
monosynaptic facilitatory action on a synergic reflex and to the direct 
inhibitory action on reflexes to antagonist muscles. On the basis of this finding, 
it was suggested that the fast low-threshold component is composed of the 
fibres from annulo-spiral endings, whereas the slow high-threshold component 
comprises the fibres connected to Golgi tendon organs. 

Intracellular recording from motoneurones provides the most direct method 
of evaluating synaptic action (Brock, Coombs & Eccles, 1952; Coombs, Eccles 
& Fatt, 1955a-d). It has been used in this present investigation, which has 
been designed to discover how far components revealed by velocity and 
threshold measurements on group I fibres correspond to the two functional 
subdivisions, those afferents from annulo-spiral endings and those from Golgi 
tendon organs. The basic assumption for the present work has been the 
generally accepted hypothesis, as outlined above, that the large afferent fibres 
from annulo-spiral endings (group Ia) are the only group I fibres responsible 
for monosynaptic activation of motoneurones, and that, with the exception of 
the direct inhibitory action of group Ia impulses on motoneurones to antago- 
nistic muscles, all inhibitory actions of the group I impulses are due to the 


Golgi tendon organ afferents (group Ib). In order to avoid confusions in — 


terminology, we will provisionally refer to the fast (low-threshold) and the 
slow (high-threshold) components of group I as the F and s components 


respectively. The relationship of these two components to groups Ia and Ib 
will be examined in the Discussion. 


METHODS 
The experiments have been performed on cats under light pentobarbital anaesthesia. 

The micro-electrode technique for intracellular recording from motoneurones has been 
described by Brock, ef al. (1952) and by Eccles, Fatt, Landgren & Winsbury (1954). For 
recording of inhibitory potentials the micro-electrodes were filled with a solution of 0-6 m-K,SO, 
(cf. Coombs, et al. 19556). All records are formed by the superposition of about 25 faint traces. 


The s 
hams’ 
tions. 


separ 
extre 


reco 
were 
4 ease 
mou 
7 In 
stim 
4 first 
stim 
to se 


TWO COMPONENTS OF GROUP I SPIKE 529 


RESULTS 
The double spike response of group I afferent volleys 
The spike potentials produced by group I afferent volleys from quadriceps and 
hamstring nerves have shown a wide range of variation in different prepara- 
tions. Occasionally only a simple group I spike is found, but sometimes the 
separation of the group I spike into the two components, F and s, has been as 
extreme as in Fig. 1, where there was even a double spike in the monophasic 


Fig. 1. Dorsal root recording of group I afferent volleys from biceps posterior and semitendinosus 
(BST) nerves (superimposed tracings). The corresponding records show, to the left, the 
triphasic spike and, to the right, the monophasic spike from the severed dorsal root, negativity 
being upwards, In each record two stimuli were applied to the nerve at an interval of 1-0 msec 
so that the fibres excited by the conditioning stimulus were refractory to the testing stimulus. 
The testing stimulus was supramaximal and kept constant throughout the series (response 
to testing stimulus alone shown in record J). For the conditioning volleys the stimulus 
strengths relative to threshold strength are indicated on the records. 


record (J) as well as in the triphasic recording by a surface electrode. The 
complete series of triphasic responses that is partly illustrated in Fig. 1 A-J 
were recorded and then the dorsal roots were divided and mounted for recording 
the series of monophasic responses that is also partly illustrated in A-J. For 


ease of comparison the corresponding members of the two series have been — 


mounted as pairs. 

In this series of Fig. 1 the usual procedure was adopted of applying double 
stimuli to the muscle nerve (cf. Bradley & Eccles, 1953, figs. 2, 3 and 5), the 
first or conditioning stimulus being varied in strength while the testing 
stimulus was at least 50° supramaximal for group I (J gives control response 
to second alone) and at an interval (1-0 msec) which was just sufficiently brief 
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to prevent the testing stimulus from exciting any fibres that had already 
responded to the conditioning, as is shown with a maximum conditioning 
stimulus in record J. Thus, with each of the complex spike potentials of Fig. 1, 
every group I fibre will have been excited once, if not by the conditioning then 
by the testing stimulus. It will be seen that, with increasing strength of the 
conditioning stimulus from A to D, there was a progressive diminution in the 
F spike of the testing response, so that it was barely detectable in D, while 
with E no trace remained. Correspondingly, the conditioning stimulus set up 
an F spike of progressively increasing size, though in £ it still was a little lower 
than the control sizes (J) both for triphasic and monophasic recording. In 
contrast, the s spike of the testing response (triphasic recording) suffered very 
little change over the range of stimulus intervals from A to E. Actually there 
was a small increase from A to C, but this was attributable to the diminution 
in the terminal positive phase of the Fr spike, which would be superimposed on 
it. The virtual equivalence of C and D indicates that the conditioning stimulus 
had not excited any of the s fibres until its strength was increased beyond that 
of D, Already in E the s spike of the testing response was very slightly 
diminished, both with triphasic and monophasic recording, and this effect 
continued with increase in the stimulus until none survived in J. Pari passu, 
in records F to J, the conditioning stimulus was exciting progressively more 
s fibres. Evidently the most interesting responses occurred in D and E, 
where the conditioning stimuli excited virtually all of the r but none of the 
8 fibres. 


The effectiveness of the conditioning stimulus in setting up F impulses cannot simply be 
assessed by the size of the F spike, for it will be diminished by two overlapping factors. One 
operates with conditioning stimuli that are not considerably stronger than the maximum for 
F fibres. The other operates only with triphasic spike potentials and with conditioning stimuli 
that are strong enough to excite s impulses. This second factor is due simply to the superposition 
of the initial positive phase of the s spike on the summit of the F spike. The first factor depends 
on the well-attested observation that, when a stimulus is applied to a nerve fibre at just above 
threshold strength, the initiation of an impulse occurs after an abnormally long delay, up to 
0-3 msec (Blair & Erlanger, 1933). Hence, until the stimulus is considerably above threshold for 
all fibres of one group, i.e. at well above maximum strength, there will be a considerable asyn- 
chronism in the initiation of impulses. Consequently the size of the r spike will give too low an 
index of the number of F fibres excited by the conditioning stimulus in records A—Z. As would be 
expected, the asynchronism has less effect in depressing the size of the relatively longer mono- 
phasic F spike, though it is still considerable. For example, with the monophasic testing responses 
of A-D, direct measurements of the ¥ spikes can be made and added on to the corresponding 
¥F spikes of the conditioning responses to give the total size of the ¥ spike potential. With A, B, C 
and D the respective totals were only 90, 80, 87 and 90% of the F spike in the control response (J). 
In E no ¥ spike was detectable in the testing response, yet in the conditioning response it was only 
93% of the control, and it was still a little depressed even with the stronger conditioning stimuli 
in F (96%) and @ (98%). This detailed analysis of the afferent spike potentials will be applied later 
in an attempt to evaluate the synaptic actions by the F and 8 volleys. 
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The relationship of the group I volley to monosynaptic excitatory action 

When, as in Figs. 1 and 4, it was possible to adjust the strength of stimula- 
tion applied to a muscle nerve so that it was maximum for the F fibres and 
yet subthreshold for the s, conditions were particularly favourable for dis- 
crimination between the synaptic actions of the Fr and s volleys. Fig. 2 is 
chosen for special consideration from a large number of similar investigations, 
because it was recorded from the same muscle nerve as Fig. 1, but a few hours 
earlier when conditions were even better for separation of the two components. 


A 100 C 106 


E 140 1-14 121 


Fig. 2. Relationship of monosynaptic EPSP to the two components of the group I volley. 
Simultaneous recordings (superimposed tracings) of triphasic volley at the 81 dorsal root 
entry zone and intracellular potential of a BST motoneurone. Observe that, in the triphasic 
recording, negativity unconventionally is signalled by a downwards deflexion. Stimulus 
strengths relative to threshold strength are indicated on the records. 


lt will be seen that a very small excitatory post-synaptic potential (EPSP) 
was generated by the smallest afferent volley that could be recorded from the 
dorsal root (B), and that with increasing strengths of stimulation there were 
parallel increases in the F volleys and the EPSP’s. The monosynaptic nature 
of the EPSP was established by its brief latent period (0-5 msec) and simple 
time course. It can also be seen that in record J the EPSP reached a maximum 
size with a strength of stimulus that was subthreshold for the s fibres, record K 
being just at threshold for the latter. The detailed relationships of the F and 
8 volleys to the monosynaptic EPSP’s are shown in the plotted measurements 
of Fig. 3. Several features call for comment. With each stimulus in Fig. 2 the 
superimposed traces of EPSP’s showed an appreciable range of variation, and 
_ correspondingly in Fig. 3 each EPSP is plotted not by a point, but by a line 
corresponding to the range of variation. The EPSP is seen to have a threshold 
identical with that for the F volley and to increase to a maximum height with 
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a stimulus strength of 1-44 times threshold (Record J, Fig. 2). More complex 
behaviour was exhibited by the ¥ spike in the upper graph of Fig. 3, as measured 
from the triphasic surface potentials (cf. upper traces of Fig. 2). It continued 
to increase in size with stimulus strengths up to 1-8, and then declined again 
during a further increase in stimulus from 2-3 to 2-5 times threshold. This 
decline was also observed for the F spike in Fig. 1 and was sufficiently explained 
by the superposition of the initial positive phase of the triphasic s spike. 
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1°5 20 
Strength relative to threshold 
Fig. 3. Lower graph shows the height of the monosynaptic EPSP and upper graph the size of 
the F (+) and s (O) spike potentials all plotted against stimulus strength in multiples of the 
threshold strength. Measurements from the same series that is partially illustrated in Fig. 2. 
Every point is measured from a record composed of about twenty-five superimposed sweeps. 
Further description in text. 

Though in Fig. 3 the thresholds for the EPSP and the F spike were identical, 
there was a considerable discrepancy in the strengths for their respective 
maxima, 1-44 and 1-8 respectively, However, this discrepancy is probably 
attributable to the diminishing asynchronism of the maximum F volley, as 
revealed in the analysis of Fig. 1 Z, where likewise with just maximum stimula- 
tion the F spike only attained 89% of size observed with supramaximal 
stimulation. 

A ‘more rigorous investigation of the relationship of afferent volley to 
maximum EPSP is illustrated in Fig. 4. As in Fig. 1, there was an initial 
conditioning stimulus of varying strength followed 1 msec later by a testing 
stimulus that was above maximum for group I. This testing stimulus excited 
all the group I fibres not excited by the conditioning. The control responses to 
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the conditioning stimulus alone are shown immediately following the responses 
evoked by the double stimuli. In A the tracing of the afferent spike potentials 
shows that the testing stimulus excited a considerable fraction of the F fibres, 
and correspondingly the testing volley evoked a considerable addition to the 
EPSP (cf. control response, B). In C the testing stimulus apparently evoked 
an 8 spike uncontaminated by r, yet it still caused a late hump to appear on 
the EPSP record, as may be seen by comparison with the control response (D) 
evoked by the conditioning stimulus alone. There is even a trace of this late 
hump in record # as compared with the control in F. Still further increase of 


Fig. 4. Contribution by the s volley to the monosynaptic EPSP as tested by the double volley 
technique. Simultaneous recording from the 81 dorsal root entry zone and intracellularly from 
a BST motoneurone. Observe that, in the triphasic records, negativity is unconventionally 
signalled by a downwards deflexion. The strength of the testing stimulus was supramaximal 
for the group I fibres and kept constant throughout the series (response to testing stimulus 
alone shown in record K). For the conditioning volleys in records A, C, £2, G and J the stimulus 
strengths relative to threshold strength are indicated on the records. Following each of these 
double volley records, there is shown in B, D, F, H and J the response at the same stimulus 
strength as used for conditioning in the preceding record. 


the conditioning stimulus finally eliminated all trace of this addition by the 


testing stimulus (compare G with H, and J with J). As judged by the height 
of the EPSP, the conditioning stimuli in C and D were already producing a 
maximum response. Actually the humps added by the s volley in C and £ had 
such a long latent period that, if evoked by the conditioning stimulus, they 
would not appreciably have added to the summit of the EPSP. However, their 
latent periods were still sufficiently short to identify the humps as due to a 
monosynaptic EPSP. The monosynaptic EPSP thus contributed by the 
8 volley in record C (Fig. 4) was 8% of the total monosynaptic EPSP. It should 
be noted that the higher threshold range of the s volley (cf. records G and H) 
is ineffective monosynaptically. On the basis of our original assumption, the 
conclusion may be drawn that some Ia fibres from annulo-spiral endings are 
interspersed among the lowest threshold fibres giving the s spike potential. 
Similar series of observations have been made in many experiments with 
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other thigh muscle motoneurones, particularly biceps-semitendinosus and 
quadriceps motoneurones, but also with semimembranosus and gracilis moto- 
neurones, The motoneurones to thigh muscles are particularly suited to this 
investigation because the separation between the F and s spikes occurs 
frequently. The contamination of Ia fibres in the s volley was investigated in 
six cats in which the F spike in nerves from thigh muscles reached a maximu‘n 
with a stimulus that was subliminal for the s spike. In each animal a number 
of neurones were investigated with the use of the double-volley technique as 


illustrated in Fig. 4. In one the maximal addition of monosynaptic EPSP by | 


the s volley in percentage of the total was 10%. In the remaining animals the 
corresponding values were 0, 3, 5 and 6%. 


Fig. 5. Relationship of the intracellularly recorded monosynaptic EPSP to the F and s components 
in the plantaris nerve. Observe that, in the triphasic recording, negativity unconventionally 
is signalled by a downwards deflexion. Stimulus strengths for single volleys in records A—H 
relative to threshold strength are indicated on the records. 


Fig. 6. Relationship of the intracellularly recorded monosynaptic EPSP to the two components 
of the afferent volley in the gast ius-soleus nerve. The stimulus strengths relative to 
threshold strength are indicated on the records. Observe that, in the triphasic recording, 
negativity is unconventionally signalled by downwards detiexion. 


The separation of the group I volley into two components has also been 
found, although not so frequently, in nerves to muscles lying more distally in 
the limb. (Sherrington referred to the portion of the hind limb between the 
knee joint and the ankle joint as the leg, and this term will henceforth be used.) 
The records in Fig. 5 show that the volley in the nerve to plantaris displays the 
separation into the F and s components. These series closely resemble the 
records in Fig. 2, the s component likewise failing to increase the mono- 
synaptic EPSP. Similarly, with gastrocnemius volleys in Fig. 6 the mono- 
synaptic EPSP increased from A to EF but not with the further increase of 
stimulus that added the s components of the group I volley. 
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Fig. 7 illustrates one of several experiments in which separation in two 
components was found in all the nerves to hind-limb muscles that were tested. 
There are shown monosynaptic EPSP’s in motoneurones receiving excitatory - 
action from the muscle nerves to plantaris, flexor digitorum longus, lateral 
: gastrocnemius plus soleus, medial gastrocnemius and tibialis anticus plus 
: : ‘extensor. digitordm longus. In each horizontal row the records on the right 


max. F F+S max. group 
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Fig. 7. Contribution to the intracellularly recorded monosynaptic EPSP by the Fr and s com- 
ponents in the nerves to plantaris, flexor digitorum longus, lateral gastrocnemius + soleus, 
medial gastrocnemius and tibialis anticus + extensor digitorum longus. Each horizontal row 
of records was obtained from a motoneurone receiving large monosynaptic innervation from 
the nerve indicated. Records to the right show the response to a maximal group I volley and 
to the left are seen the responses to stimuli just maximal for the fast volley. The middle 
column shows double volleys, the strengths of stimulation for conditioning and testing being 
the same as used to obtain the records to the left and right respectively. Observe that, in the 
triphasic recording from the dorsal root entry zone, negativity is unconventionally signalled 
by downwards deflexion. 


are evoked by a stimulus that gives a maximum group I volley and mono- 
synaptic EPSP. To the left is the response with a stimulus that just gives a 
maximum F volley. In the middle column the double volley technique was q 
used, the strengths of stimulation for the conditioning and testing volleys 4 
being the same as used to obtain the records to the left and right respectively. 4 
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lt appears from the records in Fig. 7 that in all these nerves the s volley 
contributed some monosynaptic innervation to the motoneurones investigated, 
but the contribution was in all cases smaller than 15% of the total EPSP. The 
fibres giving this additional contribution were always within the low threshold 
range of the s volley. 

It should be noted that this quantitative evaluation of the monosynaptic 
excitatory action of the s volley is based on the recording from a number of 
motoneurones of each type. It is important to have multiple sampling for each 
type of motoneurone because even in one preparation there is a significant 
range of variation in the percentage of total monosynaptic EPSP that is 
contributed by thes volley. In the experiment of Fig. 7 three cells of each type 
were investigated in addition to those illustrated. With these the contribution 
made by the second volley in relation to the total monosynaptic EPSP was the 
same as, or less than, in the illustrated records. 

The measurements of the monosynaptic EPSP’s contributed by the s volley 
may be used to calculate the proportion of group Ia fibres that are contained 
in the s volley. When making this calculation allowance should be made for 
any departure from a simpie arithmetical addition in the summation of super- 
imposed EPSP’s. It has been shown that, when a motoneurone is depolarized, 
the size of the monosynaptic EPSP produced by a given volley is reduced in 
proportion to the depolarization (Coombs ef al. 1955c). There is experimental 
evidence that EPSP’s sum in accordance with these expectations (Eccles, 
Eccles & Lundberg, unpublished observations). With a membrane poten- 
tial of 70 mV, we should expect that the EPSP added by the highest 
threshold group I afferents, when the cell is depolarized by about 7 mV, would 
have 10% less depolarizing effect than that of the low threshold fibres. Thus, 
when the s volley contributes 5% of the maximum EPSP, somewhat less than 
5-5°% of the Ia fibres are contained in the s volley; hence for all practical 
purposes the figures given for the addition to the EPSP by the s volley can be 
used to describe the proportion of Ia fibres in it, it being assumed that group I a 
fibres over the whole threshold range are approximately equivalent. In 
accordance with the assumptions made it can therefore be concluded that in 
thigh muscle nerves the group I fibres giving the s spike contain 0-10 % of the 
Ta fibres, whereas with the nerves to leg muscles the proportion is 0-15%. 

Figs. 8-10 illustrate the frequently observed condition with the nerves from 
the leg muscles, where there is no clear separation of the group I volley into 
two components with different conduction velocities. 

In Fig. 8 the monosynaptic EPSP and the afferent volley had the same 
threshold and with increasing stimulus both increased from A to F. With 
response # (stimulus 1-18 times threshold) the EPSP had attained 94% of its 
maximum and it was maximal in F. The single afferent spike, however, con- 
tinued to increase, the spikes in Z and F being only 45 and 63% respectively 
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Fig. 8. Relationship of the intracellularly recorded monosynaptic EPSP to the group I afferent a 
volley from the medial gastrocnemius nerve. The afferent volley shows no sign of separation sy 
’ into two components with different velocity. Observe that in the triphasic spike recorded at i q 
the 81 dorsal root entry zone negativity is unconventionally signalled by a downwards ' 4 
defiexion. Stimulus strengths relative to threshold strength are indicated on the records. - 
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Fig. 9. The upper curve shows the size of the group I spike as recorded by a surface electrode at a 
the dorsal root entry zone and the lower curve the size of the monosynaptic EPSP, both being { 


plotted against stimulus strength expressed in multiples of the threshold strength. The q 
measurements are from the same series as the records in Fig. 8 (medial gastrocnemius nerve). ; 
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of the maximum in J. The plotted curves for EPSP and afferent spike size 
(Fig. 9) resemble those of Fig. 3 except over ranges of stimulus strength above 
the maximum for the EPSP. In Fig. 9 the afferent spike was doubled in size 
over this range as against an increase of 19% in Fig. 3. Presumably this 
larger increase is attributable to the addition of Ib impulses which were not 
sufficiently delayed in Fig. 8 to give a separate s spike. 

' In Fig. 10 there is again no velocity separation in the plantaris nerve, but 
nevertheless only the low-threshold fibres contribute monosynaptic excitatory 
action to the motoneurone. The small volley in record A is seen to give 
approximately 80% of the total EPSP. As tested with the sensitive double- 
volley technique it is apparent from the lowest records in Fig. 10 that hardly 
any monosynaptic innervation is contributed by those 50% of the group | 
afferents with the higher thresholds. 


Fig. 10. Intracellular recording from a motoneurone receiving monosynaptic innervation from 
the nerve to plantaris. Records C—F and J all show the response to a stimulus, slightly 
supramaximal to group I and without any sign of separation into F and s components in the 
spike. Observe that, in the triphasic recording, negativity is unconventionally signalled by 
a downwards deflexion. To obtain records A, D and @ the stimulus strengths relative to 
threshold strength were: 1-26, 1-35 and 1-37; and, in records B, Z and H, these stimuli were 
used to evoke the conditioning response, the testing stimulus in B, F and H being the same 
as in the records to the right. | 


The relationship of the group I volley to inhibitory actions 
Bradley & Eccles (1953) reported that the direct inhibition of monosynaptic 
reflexes was entirely caused by fibres of the fast component of the group | 
volley. Intracellular recording of the inhibitory post-synaptic potential (IPSP) 
of motoneurones provides a rigorous method of re-examining this observation. 
In Fig. 11 A-E single afferent volleys in the quadriceps nerve have evoked in 
a semitendinosus motoneurdne the IPSP’s which have been shown to be 
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responsible for direct inhibitory action (Brock et al. 1952; Coombs et al.1955d). 
The composition of the afferent volleys has been tested by the double-volley 
technique in the corresponding records F to J. The F volley is thus shown to 
attain its maximum at the same stimulus strength (1-43 times threshold) that 
gives the maximum IPSP (records C and H). Records H and J illustrate 
further the importance of using the double-volley technique in these experi- 
ments. In record J almost half of the fibres of the s volley were excited, but, 
on account of the delay and asynchronism in initiation of the impulses by 
threshold stimuli, the s spike potential merely caused a decrease in the terminal 
positive phase of the triphasic F spike. With direct inhibitory action it has been 
a constant finding that the [PSP appears with the r spike. Even with the use 
of the double-volley technique, there has never been any addition to this 
IPSP by thes volley. With the mono-synaptic EPSP evidence was often found 
for a small proportion of Ia fibres in the s volley. Possibly the existence of an 
interneurone in the inhibitory pathway is the explanation for the failure of 
these Ia fibres to produce any detectable direct IPSP. 


Fig. 11. tiibedipllicleg: dacitiie from a semitendinosus motoneurone showing direct inhibitory 
action by the r component of the group I volley in the quadriceps nerve. The stimulus 
strengths relative to threshold are indicated on records A—Z. In records F-J the double 
volley was recorded at the root entry zone. The testing stimulus was supramaximal for 
group I fibres and the stimulus strengths used to evoke the conditioning volleys were the 
same as in the corresponding records A-Z. Observe that, in the triphasic records, negativity 
unconventionally is signalled by downwards deflexion. 

Fig. 12 serves to illustrate an inhibitory action by group I afferents, which 
is attributable to afferent impulses arising from Golgi tendon organs (Ib 
inhibition). The afferent volley in the nerve to flexor digitorum longus muscle 
showed a separation into ¥ and s spikes which is best seen in record M. With 
a stimulus strength 1-17 times threshold the volley was submaximal for the 
F spike (record H) and evoked a monosynaptic EPSP in a plantaris moto- 
neurone (lower trace of record A). When the conditioning stimulus was 
increased to 1-21 times threshold, the testing volley (record J) had no F com- 
ponent, but was still maximum for s. Thus there was complete threshold 
discrimination between the F and s components. It can be observed in Fig. 12 
that the monosynaptic EPSP was caused only by the F volley, since an increase 
of the stimulus strength beyond 1-21 failed to bring about any increase in its 
magnitude. Increase of the stimulus strength to 1-25 times threshold excited 
some 8 impulses, as evidenced by a slight decrease of the s spike of the testing 
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response in J, but there was no change in the monosynaptic EPSP (record C). 
However at a strength of 1-31 times threshold (record D) a small [PSP was 
superimposed on the declining phase of the EPSP, while the deficit in the 
testing s spike response in record K shows that about one-fourth of thes spike 
fibres had been excited. Further slight increases in the stimulus caused a large 
increment in the IPSP, which reached a maximum in record F with a stimulus 
strength of 1-47 times threshold that was also maximum for the s fibres. It 
should be noted that doubling of the stimulus strength (record G@) now neither 
increased the magnitude of the IPSP nor changed its time course. 


Fig. 12. Synaptic action in a plantaris motoneurone contributed by F and s volleys in the nerve 
of flexor digitorum longus. The stimulus strengths relative to threshold strength are indicated 
on records A—G. The lower set of records show double volleys recorded at the dorsal root entry. 
Stimulus strength for testing volley (shown alone in record M) was supramaximal for group I 
fibres. Stimulus strengths for conditioning volleys in H-L were the same as used to obtain 
the corresponding records A-E. Observe that, in the triphasic records, positivity uncon- 
ventionally is signalled by an upwards deflexion. 


The intracellular records shown in Fig. 12 correspond well with the findings 
by Laporte & Lloyd (1952). In fig. 3 of their paper the facilitatory effect of 
a conditioning volley in the flexor digitorum longus nerve on monosynaptic 
reflexes evoked by a plantaris nerve volley reached a maximum at a strength 
that was subthreshold for the production of group I inhibition. 

The functional organization of the synaptic action by Golgi tendon-organ 
afferents will be dealt with in a later paper (Eccles, Eccles & Lundberg, 
unpublished observations). For the present purpose it is enough to show that 
these effects appear with activation of the s component of the group I volley. 
With one exception, dealt with below, there has been no trace of synaptic 
action characteristic of Golgi tendon organ activity with the r component of 
the group I volley. This does not necessarily imply that the Fr spike potential 
is entirely uncontaminated by Ib impulses, Presumably some spatial sum- 
mation is needed for excitation of the interneurones that are interposed on the 
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inhibitory pathway, hence a small group Ib volley would not be expected to 
evoke an IPSP response in a motoneurone. It may, however, be concluded 
that the afferent fibres from Golgi tendon organs very predominantly belong 
to the s component of the group I volley. 

Only in one cat have we observed that Fr impulses produced an IPSP which, 
according to our original assumption, would be attributable to Ib impulses 
from Golgi tendon organs. In Fig. 13 J the double-volley technique revealed 
that a stimulus 1-39 times threshold evoked a volley in quadriceps nerve that 
was practically maximum for the F fibres and yet included no s stimulus. 
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Fig. 13. Intracellular recording from a medial gastrocnemius motoneurone showing inhibitory 
action by F and s volleys in the nerve to quadriceps. For records A—G the stimulus strengths 
relative to threshold strength are shown in the figure. In records H-N, showing the double 
volleys recorded at the L6 dorsal root entry zone, the testing stimulus was supramaximal to 
group I and the stimulus strengths used to evoke the conditioning response were the same as 
in the corresponding records A—G. In record J the conditioning stimulus is subthreshold for 
the s and supramaximal for the F fibres, except for the few fibres giving the small spike 
marked by an arrow. This small spike remains in K and L, and probably its high threshold 
was caused by injury to a small filament of the quadriceps nerve. Observe that, in the 
triphasic records, negativity unconventionally is signalled by a downwards deflexion. 


Nevertheless, this volley produced a small [PSP in a gastrocnemius moto- 
neurone (record C). This [PSP was also evoked by the volley set up by a still 
weaker stimulation (1-17 times threshold in B), and was almost unchanged 
when the stimulus was increased to 1-50 times threshold in D. However, with 
further increase in the stimulus to 1-63 and 1-87 times threshold a large increase 
in the IPSP (EZ and F) paralleled an increase in the s spike to maximum 
(ZL and M). In G still further increase in the stimulus added slightly to the 
IPSP. The size of the IPSP attributable to the F volley alone (records B and C) 
was approximately 20% of the IPSP produced by a maximum group I volley 
(records F and @). 

In a number of other gastrocnemius motoneurones from the same cat the 
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F volley of quadriceps nerve contributed approximately the same proportion 
of an IPSP that our original assumptions would exclude from the group Ia 
category. Hence it seems that in occasional animals a substantial number of 
Ib fibres may be interspersed amongst the Ia fibres making up the F volley. 


Discussion 


The present investigations confirm and extend the original report of Bradley & 
Eccles (1953) that the group I afferent impulses from muscles of the hind limb 
are frequently separable into two subgroups by virtue of differences both in 
conduction velocity and threshold. This separation is most often found with 
the nerves from thigh muscles, but also occurs not infrequently with the 
nerves to leg muscles. 

The existence of fast (¥) and slow (s) components of the group I volley would 
not in itself justify their identification respectively as due to afferent fibres 
from annulo-spiral endings (group Ia) and Golgi tendon organs (group Ib). 
Bradley & Eccles (1953) based this identification on a good correlation between 
the F component and both the monosynaptic excitatory and the direct 
inhibitory actions of a group I volley. It was assumed that these two central 
actions were entirely due to impulses from annulo-spiral endings, i.e. to la 
impulses as defined by Hunt (1952, 1954) and by Laporte & Lloyd (1952). 
The present investigation has likewise taken advantage of these assumptions 
in identifying the la afferent impulses, but has also employed a positive 
identification of the group Ib afferent impulses from Golgi tendon organs, 
namely, the disynaptic inhibitory action on motoneurones other than those 
of antagonist muscles (cf. Granit, 1950, 1952, 1955; Laporte & Lloyd, 1952). 

On the basis of these assumptions and of the intracellular recording of the 
EPSP and IPSP of motoneurones it has been possible to evaluate quanti- 
tatively the distribution of group Ia impulses*in the r and s components. 
Evaluation by monosynaptic EPSP’s has shown that with the nerves to thigh 
and to leg muscles 90-100% and 85-100% respectively are included in the 
¥ component. The remaining group I fibres are in the lowest threshold fraction 
of the s component. The rather larger proportion of group Ia fibres in the 
8 component of leg muscles may be correlated with the less clear separation 
between the F and s spikes in the nerves to leg muscles. Evaluation by the 
direct IPSP has differed from the evaluation by the monosynaptic EPSP in 
that it has failed to reveal any group Ia fibres in the s component. Possibly 
this discrepancy is attributable to the interneurone on the central inhibitory 
pathway. 

Intracellular recording from motoneurones has shown that the IPSP which 
is assumed to be produced by group Ib impulses is almost entirely correlatable 
with the s component of the group I afferent volley. It may therefore be 
concluded that the group Ib afferent impulses occur very predominantly in 
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the s volley. However, in those experiments where the F volley gives no IPSP 
of the Ib type, it should not be concluded that it is uncontaminated by 
Ib impulses. A few impulses in the F volley could be ineffective because they 
failed to activate any of the interneurones on the inhibitory pathway. On 
account of synaptic relays on the inhibitory pathways, it is not permissible to 
calculate the percentage of Ib fibres in the r component in the way that was 
possible with Ia fibres on the basis of the monosynaptic EPSP’s produced by 
the s volley. 

It should be noted that, even when there is no separation with respect to 
conduction velocity, there is, nevertheless, often a high degree of threshold 
discrimination between the la and Ib afferent fibres. For example in Figs. 8 
and 10 only the low-threshold half of the group I volley contributes to the 
monosynaptic EPSP. Similar observations have been made by Laporte & 
Lloyd (1952) and Rall (1955). 

By recording from dorsal root filaments Laporte & Bessou (1957) have 
directly identified the receptors responsible for adequate activation of indi- 
vidual afferents in the F and s components of the nerves to thigh muscles. Of 
30 fibres discharged by Golgi tendon organs 3 were in the F component. On 
the other hand, out of 70 fibres originating in muscle spindles, 10 were in the 
s component. This would give a higher contamination of group Ia fibres in 
the s component than the one derived above, varying between 0 and 10% 
with a mean value of about 5%. Laporte & Bessou (1957) have suggested 
that their higher percentage may be due to the fact that the spindle afferents 
found by them in the s component possibly are composed not entirely of fibres 
with annulo-spiral endings, but also of group II fibres from flower-spray 
endings, which may overlap in conduction velocity with the group I fibres. 
There is thus no inconsistency between the proportions observed by Laporte 
& Bessou and in the present investigation. 

Since these two different investigations have shown that the group Ia and 
Ib fibres are respectively almost entirely in the F and s components of the 
group I spike, it is justifiable to discard the nomenclature, ‘Fr’ and ‘s’ com- 
ponents, that was provisionally adopted at the beginning of this paper and 
to refer to the two components of the group I spike by the symbols, La and Ib, 
that were introduced originally to refer to their origins from annulo-spiral 
endings and Golgi tendon organs respectively (Hunt, 1952, 1954; Laporte & 
Lloyd, 1952), 

The separation into Ia and Ib volleys has already been used extensively for 
analysis of central connexion of the group I afferents (Eccles, Fatt, Landgren 
& Winsbury, 1954; Eccles, Fatt & Landgren, 1956; Lundberg & Oscarsson, 
1956; Oscarsson, 1956). The present findings justify the use of the separation 


_ in attempts to disclose the central connexions of afferent fibres from annulo- 
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groups of afferents would complicate interpretation only under very special 
circumstances. However, it cannot be excluded that it may account for the 
convergence of excitatory action by la and Ib volleys that was observed with 
the use of the double-volley technique on neurones of the dorsal spino- 
cerebellar tract (Lundberg & Oscarsson, 1956). In this case the action of the 
later incoming Ib volley probably was superimposed on excitatory action that 
survived the impulse generated by the earlier Ia volley, and possibly the 
admixture of a few Ia fibres in the Ib volley would be sufficient to discharge 
the cell. 

The investigation by Laporte & Bessou (1957) and the present results give 
direct and conclusive evidence concerning the receptor organs responsible for 
the various actions of group I afferent volleys on motoneurones. In agreement 
with the generally accepted hypothesis, it can be stated: first, that both the 
monosynaptic EPSP and the direct IPSP, that is, the [PSP evoked by group I 
impulses from antagonist muscles, are caused by afferent fibres with annulo- 
spiral endings; and secondly, that the IPSP produced by impulses from 
muscles other than antagonists (Granit, 1950, 1952, 1955; Laporte & Lloyd, 
1952) is caused by afferent fibres with Golgi tendon endings. 


SUMMARY 


1. Intracellularly recorded synaptic actions on motoneurones have been 
correlated with the fast and slow components of the group I spike in afferent 
volleys from muscle nerves. 

2. The double spike, although most often encountered in nerves from thigh 
muscles, is sometimes also found in nerves from leg muscles. 

3. In motoneurones of thigh muscles 90-100 °% of the monosynaptic EPSP 
occurs with the fast component as against 85-100 %, in nerves from leg muscles. 
It is concluded that these figures give the percentage of group Ia fibres, that is, 
fibres with annulo-spinal endings, contained in the fast component. 

4. In nerves that do not give double spike responses it has frequently been 
observed that only the 50% of the afferents with lower threshold contribute 
monosynaptic EPSP. 

5. The fast component is entirely responsible for direct inhibitory action 
on motoneurones of antagonistic muscles. 

6. Inhibitory action by group I muscle afferents on motoneurones other 
than antagonists was found to be caused by the slow component. It is con- 
cluded that Golgi afferents, that is group Ib fibres, to a very predominant 
extent occur in the slow component of the group I spike. 


7. It is proposed to zefer henceforth to the fast and the slow group I volleys 
as the la and the Ib volleys respectively. 
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VASOMOTOR RESPONSES IN THE FOOT TO RAISING BODY 
TEMPERATURE IN THE PARAPLEGIC PATIENT 
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Centre, Stoke Mandeville Hospital, Aylesbury, Bucks 
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Studies have been made by a number of workers on the level of the outflow 
from the spinal cord, of vasomotor nerves to the hind limbs in the dog (Bayliss 
& Bradford, 1894), and in the monkey (Geogehan, Wolf, Adair, Hare & 
Hinsey, 1941). Reports on the spinal level of the sympathetic nerve supply to 
the foot are scanty and equivocal. Randall, Cox, Alexander, Coldwater & 
Hertzman (1955) have obtained some evidence by direct stimulation of pre- 
ganglionic fibres during the operation of lumbar sympathectomy in man under 
spinal anaesthesia. 

It was considered that a study of the foot blood flow responses to raising 
body temperature in a series of patients with complete lesions of the spinal 


- cord at various levels would provide evidence of the level of vasomotor outflow 


to the foot in the conscious subject. The vasomotor impulses concerned would 
be those derived from neurones whose activity is modified by thermal change. 
The level of outflow thus determined would not necessarily be identical with 
that demonstrated by direct stimulation of the pre- or post-ganglionic trunks, 
or with that deduced from histological surveys of the sympathetic efferent 
pathways. 

At the same time it was possible to determine whether the impulses arising 
from the isolated cord could be modified by changes in temperature which were 
larger than the increments in temperature known to affect the central 
temperature regulating mechanism. 


METHODS 
Subjects. The subjects were twenty-one paraplegic patients of both sexes at the National Spinal 
Injuries Centre, who were free from active infections of the urinary tract or other disorders, such 
a8 bedsores. Nineteen had complete lesions of the spinal cord at levels ranging from C5 to L2, 
and two cauda equina lesions below L3-5 and L4 respectively. The lesions were the result of 
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trauma in all but three cases. Of the three, one was a case of complete transverse spinal cord 


syndrome below T 10 due to transverse myelitis. The second was a complete spinal cord syndrome 
below T6, 7, following lobectomy and paravertebral abscess. The third was a transverse spinal 
cord syndrome, incomplete below T9 on the right hand and T8 on the left, but complete below 
L1 on the right and T 12 on the left, as a result of laminectomy for removal of a disk. The controls 
were two subjects with no demonstrable neurological disorder. 

Technique. Foot blood flows were measured by means of a water-filled venous occlusion 
plethysmograph. The water in the plethysmograph was maintained at the desired temperature by 
circulating it through a copper coil immersed in a thermostatically controlled water-bath. The 
greatest range of plethysmograph temperatures during an experiment was 0-8° C and the mean 
temperature achieved was approximately 32°C. Volume recording was carried out electrically 
(Cooper & Kerslake, 1951). The venous occlusion cuff was alternately inflated and deflated for 
10 sec while recordings were taken. 

The patient sat in a wheel chair with the leg concerned horizontal. The ankle was supported on 
a ‘Sorbo’ rubber cushion in the plethysmograph, and some support was afforded to the back of 
the knee with pillows when required. The room temperature varied between 19 and 24° C. 

Oral temperatures were taken at intervals with a clinical thermometer, which was left in the 
mouth for a minimum of 3 min. In two experiments the skin temperature on the great toe was 
measured by means of a thermocouple, which was strapped to the toe with adhesive tape. In 
these experiments a sock was worn on the foot which was in the plethysmograph. This retarded 
the heat loss from the toes to the water in the plethysmograph and consequently the toe skin 
temperature provided an index of the temperature of blood entering the toe. we 
temperature were taken every 2 min. 

Foot blood flow recordings were taken over an initial period of 30-40 min. Both forearms were 
then placed in stirred water-baths in which the water was maintained between 40 and 44° C for 
a further 30 min. The foot blood flow recordings were continued during this period. 


RESULTS 
Evidence that the foot blood flow responses to arm warming were not 
| invalidated by the sitting posture 
Experiments were performed in which the foot blood flow was measured in the 
sitting and the supine positions in the same subject. The response of the foot 
blood flow to immersion of the forearms in water and the subsequent rise of 
oral temperature was measured in both positions. An example of such an 
experiment is shown in Fig. 1. The subject was a young adult male with no 
demonstrable neurological disorder. The right-hand graph shows the response 
to arm warming in the sitting position and the left-hand graph shows the 


response in the supine position. The rate of increase in foot blood flow is the 
same in both cases. 


Foot blood flow responses in paraplegic patients when the forearms are 
vmmersed in water at 40-44° C 
Results from two of the twenty-one paraplegic patients are shown in Figs. 2 
and 3, being cases of lesions complete below T1 and T8 respectively. In Fig. 2 
it may be seen that there was an increase in oral temperature of 1-1° C with 
heating of the forearm, but no change in foot blood flow was apparent. The 
results shown in Fig. 3 again demonstrate the absence of an increase in foot 
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Fig. 1. Foot blood flows, @—@, and oral temperature, O—O, in a normal subject. During the 
period marked by cross-hatching, the arms were immersed in hot water. Left trace, subject 
lying supine; right trace, subject sitting upright. Blood flows shown are the average of three 

readings. 


72 


i 
20 


Foot blood flow (mi./100 mi. foot/min) 
> oa 
1 

= 

8 


Time (min) 
Fig. 2. Effect on foot blood flow of raising body temperature in a patient with a spinal 
cord lesion complete below T1. Conventions as Fig. 1. 
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Fig. 3. Effect of raising body temperature on foot blood flow in a patient with a spinal cord lesion 
complete below T8. Conventions as Fig. 1. Each blood flow point shown is the mean flow 
for a 4-5 min period. 
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blood flow, while the oral temperature rose 1-95° C after immersion of the 
forearms for 44 min. This failure to provoke vasodilatation in the foot by arm 
warming occurred in the experiments on nine patients with lesions at levels 
between C5 and T10. In Fig. 4 are plotted the blood flow readings and oral 
temperatures during the same type of experiment on a patient whose lesion 
was complete below L3 on the right side and L5 on the left. In this case the 
oral temperature rose 1:2° C during the heating period. The foot blood flow 
increased from a mean value of 2-6 ml./100 ml. foot/min, for the 10 min 
immediately before immersion of the forearms, to 12-5 ml. in the last 4 min. 
This increase is very highly significant, although the individual readings show 
considerable variability. A marked vasodilatation was found to occur in the 
experiments on six patients with complete lesions at spinal segments rom 
L1 downwards. 


75 
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Fig. 4. Effect of raising body temperature on foot blood flow in a patient with a spinal cord lesion 
complete below L3 on the right side and L5 on the left. Conventions as Fig. 1. Each blood 
flow point is the mean flow for a 4-5 min period. 


The results of investigations on five patients with lesions complete below 
T 10 and T 12 were not so clearly defined. One patient with a lesion complete 
below T10/T 11 gave the results depicted in Fig. 5. The mean value rose from 
1-5 ml./100 ml. foot/min, for the 10 min immediately before immersion of the 
forearms, to 2-0 ml. for the 10th to 20th min after immersion. Although this 


increase is highly significant (significant difference is 0-14 at P=0-001), it is — 


very small. Such a small change in blood flow might result from a marginal 
area of leg skin being included in the foot plethysmograph. Of the remaining 
four patients in this group, one (T 12 lesion) gave a possible dilatation and in 


three cases (one below T10/T11 and two below T 11) the change in foot blood 
flow was definitely not significant. 
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Fig. 5. Effect of raising body temperature on foot blood flow in a patient with a spinal cord lesion 
complete below T10/T11. Convention as Fig. 1. Each blood flow point is the mean flow 
for a 4—5 min period of recording. 


oot blood flow (ml./100 ml. 
Temperature (°C) (min) 
Time from ‘Last 10th-20th 
injury before min before min during 
Subject Level (years) heating Increase heating Increase 
G.P. C5 0-7 36-15 0-10 5-8 5-4 -0-4 
0-8 35-45 0-20 0-5 0-3 —0-2 
A.W C6 C7 1-0 36-50 1-60 3-7 1-9 -18 
E.F C6 C7 36-05 0-25 0-5 0-7 0-2 
J.V. 0-9 36-85 1-00 4-7 5-6 0-9 
1-0 35-75 1-10 5-0 5-3 0-3 
D.H. C6T3 8-7 37-05 1:30 9-2 9-3 0-1 
37-60 0-45 9-4 9-5 0-1 
R.B. T4 — 36-55 1/10 76 6-7 -0-9 
LH. T5T6 0-7 36-30 1-65 2-9 3-5 0-6 
8.M. T7T6 1-3 36-50 0-85 3-7 3-4 -03 
P.W. Ts 1-1 35-75 1-75 3-3 3-1 - 0-2 
A.H. T10T9 0-4 36-75 1-30 1-6 1-7 0-1 
AH. T10 TI 9-0 36-90 0-60 1-5 1-6 0-1 
37-30 0-55 1-5 2-0 0-5 
D.C. T1OTIil 0-8 36-35 1-10 5-3 4-7 - 0-6 
A.H. Til 6-2 37-30 1-20 1-9 2-0 0-1 
J.G. Till _- 36-95 0-50 5-0 5-4 0-4 
AS. TLUT12 18 36-95 0-60 1-7 2-6 0-9 
37-15 0-40 3-7 4-0 0-3 
ON Ll 0-8 37-10 0-45 2-7 4-9 2-2 
G.Y L2 — 36-95 0-35 3-8 76 3-8 
G.T L2 23 36-65 0-60 2-3 71 4:8 
Ww.M. L4 37-20 0-35 8-6 10-4 1-8 
G.W L3 L5 1-1 36-70 1-25 2-6 71 4-8 
J.C 8 — 36-75 0-60 1-5 6-8 53 
P.C None — 36-60 0-60 4-1 8-4 4:3 
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The details of each experiment are set out in Table 1, showing the level of 
the lesion, the time elapsed since the onset of paraplegia, the oral temperature 


changes and the foot blood flow changes. The change in foot blood flow is _ 


calculated as the mean flow during the 10 min immediately beforé immersion 
of the forearms less the flow during the 10th to 20th min after immersion. 
A graphical summary of the findings is given in Fig. 6, in which the foot blood 
flow changes following arm warming are plotted against the segmental level 
of the lesion of the spinal cord. The graph can be divided into three sections. 
All cases of lesions at L1 and below show definite dilatations; those at T11 and 
T 12 are not clearly defined, while in no case of lesions above T 11 is a significant 
vasodilatation produced by arm warming. 

Fig. 7 shows the foot blood flows, toe temperatures and oral temperatures 
occurring during the standard experiment on a patient with the lesion com- 
plete below T1. Not only did the oral temperature rise by 1-0° C during the 
23 min heating, but the toe temperature rose 0-75° C. Despite the change in 
foot skin temperature, which must have been associated with a rise of foot 
blood temperature of at least 0-75° C, and probably more, no increase in foot 
blood flow occurred. These results indicate that a small increase in blood 
temperature has no direct effect on the foot blood vessels, but, being derived 
from only two experiments, cannot be regarded as conclusive. 


DISCUSSION 

Vasodilatation has been elicited in the foot with the subject sitting, both in 
patients with low lesions and in normal subjects. Although the actual level of 
the flow recorded may have been modified by the byrplati pressure within 
the foot veins, the change in foot blood flow resulti m arm warming was 
not affected by the posture. The supine position was impracticable because it 
was not possible to immerse the forearms properly when the subject was 
recumbent, and in addition leg muscle spasms are more common in this 
position in the paraplegic. 

The vasodilatation which, in normal subjects, accompanies immersion of 
the forearm in hot water has been demonstrated to depend on the rise in blood 
temperature which occurs (Gibbon & Landis, 1932; Pickering, 1932). The 
location of the central mechanism, which is thereby excited, is still open to 
conjecture. It is, however, sensitive to temperature changes of between 0-05 
and 0-20° C (Snell, 1954). The rise in oral temperature in the experiments 
reported leaves no doubt that the threshold for vasodilator activity of the 
central mechanism had been reached. The absence of a vasodilator response to 
arm heating in patients with lesions between C5 and T10 implies that this 
mechanism must be located above the 5th cervical segment of the cord. An 
intact pathway from above C5 to at least T11 and probably L1, is required to 
mediate the vasodilatation in the foot. It is possible that some inter-subject 
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Fig. 6. Foot blood flow changes following body warming plotted against the level of the spinal yy 
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Fig. 7. Effect of raising body temperature on foot blood flow and toe temperature in a patient 
with a spinal cord lesion complete below T1. Each blood flow measurement is shown. 
Cross-hatching denotes period of body heating; continuous line, foot blood flow; oral 
temperature, O—O; toe temperature, @. 
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variation may occur in the innervation of the foot, accounting for the variable 
responses from patients with lesions at T11 and T12. 

Reflex vasomotor responses, mediated through the autonomic pathways with 
cell stations in the isolated cord, have been demonstrated (Guttmann & 
Whitteridge, 1947; Cunningham, Guttmann, Whitteridge & Wyndham, 1953). 
These reflexes were initiated by mechanical stimuli such as bladder stretching. 
It is possible that other stimuli also cause vasomotor impulses to pass down 
the sympathetic vasomotor fibres to the foot. Whatever the origin of these 
impulses, they are not modified by changing the temperature of the spinal 
cord in the manner described. There was no evidence for the presence of 
temperature-sensitive vasomotor centres in the isolated spinal cord. 

The upper limit of the vasomotor outflow to the foot at L1, with possibly 
a contribution from T 11 and T 12, is comparable with the observations reported 
in the literature for the hind limbs in animals, but gives more precise informa- 
tion about the foot. The lower limit of the outflow could not be defined by this 
method. The level of outflow for the foot vasomotor fibres which respond to 
excitation of the central mechanism is higher than the level for foot sudomotor 
activity found by electrical stimulation of the pre-ganglionic trunks (Randall 
et al. 1955) and is in fair agreement with histological studies (Sheehan, 1941). 


SUMMARY 

1. The foot blood flow was measured in twenty-one paraplegic patients and 
two normal subjects. The response to raising body temperature by arm heating 
was studied. 

2. There was no increase in foot blood flow in patients with lesions at or 
above T10 up to C5, although there was a marked rise in oral temperature. 

3. Two patients with lesions at T 11 and T 12 had very small vasodilatations 
in the foot following arm warming, while three other patients with lesions at 
these levels showed no response. 

4. In all cases of patients with lesions from L1 downwards, and the two 
normal subjects, arm warming produced marked vasodilatation as well as a 
rise in oral temperature. 

5. The evidence presented implies that there is no thermoregulatory centre 
in the spinal cord below the 5th cervical segment in man. 

6. The upper level of vasomotor nerve outflow from the spinal cord to the 
foot occurs at L1 with possible inclusion of 'T11 and T12. 
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THE EFFECTS OF INCREASED RESISTANCE TO EXPIRATION 
ON THE RESPIRATORY BEHAVIOUR OF THE ABDOMINAL 
MUSCLES AND INTRA-ABDOMINAL PRESSURE* 


By E. J. M. CAMPBELL 
From the Department of Physiology. The Middlesex Hospital, London W. | 


(Received 14 January 1957) 


The response of the respiratory muscles to increased expiratory resistance is 


of theoretical interest because of the information it gives about the control of 
breathing. It is also of clinical interest because of its significance in asthma 
and emphysema. This paper describes a series of experiments in which the 
behaviour of the abdominal muscles (the most important expiratory muscles) 
and changes in the intra-abdominal pressure were studied. Expiratory resis- 
tance was added with a ‘threshold’ type of resistance, that is to say, one across 
which a known additional pressure has to be developed independently of the 
rate of flow. The findings stress the minor role of expiratory muscles in 
pulmonary ventilation. 

METHODS 
The activity of the antero-lateral abdominal muscles was recorded elect graphically 
surface electrodes. Intragastric pressure was measured with an air-filled balloon in the stomach 
connected to an inductance manometer. The intragastric pressure and the electromyogram were 
recorded simultaneously with a multi-channel ink-writer oscillograph. These methods have been 
described previously (Campbell & Green, 1953a, b). The subjects were five healthy young men 
aged eighteen to twenty-seven. All observations were made with the subjects supine. 

The threshold resistance (Figs. 1,2). Essentially this consisted of a length of flaccid tubing through 
which the subjects expired. The flaccid tubing could be concentrically occluded by raising the 
pressure in a closed chamber surrounding it. For flow to occur during expiration the pressure at 
the subject’s mouth had to exceed the occluding pressure. As the flow rate varied, so did the cross- 
sectional area of the flaccid tube, with little change in the occluding or mouth pressures. Inspira- 

The dimensions of the flaccid tubing and surrounding chamber are shown in Fig. 1, which is an 
exploded diagram revealing the detailed construction. This particular construction worked very 
satisfactorily, whereas others employing the same principle, but of different dimensions, were 
unsatisfactory. The arrangement of the apparatus is shown in Fig. 2. By means of the pump (P) 
_ any desired pressure (p) could be developed in the large pressure reservoir (V), and then applied 

suddenly to the occluding chamber (C) by tap (7’). 
The device was tested over a range of flow rates from 0-200 l./min, and the drop in pressure 


* Part of a Thesis accepted for the Doctorate of Philosophy by the University of London. 
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between the ends of the flaccid tube was found to be not more than 1 om H,0 above the occluding 
pressure, provided care was taken in the assembly. At flow rates up to 30 1./min there was no 
detectable difference between the occluding pressure and the drop in pressure between the ends of 
the tube. A good performance at high flow rate demanded careful adjustment of the length of the 
brass sleeves. No universally applicable calibration curve can be given because each adjustment 
of the device produces a slight alteration in its characteristics. The detailed calibration at one 
setting has been described elsewhere (Campbell, 1954). 

Two series of experiments were performed: (1) Sudden application of a threshold resistance 
during quiet breathing. (2) Increasing pulmonary ventilation (produced by rebreathing expired 
air with no CO, absorber} while breathing against a constant threshold resistance. 


Brass / Rubber 
sleeve Latex Brass tubing connecting 


tubing tube 


Po To pressure reservoir 


Tobacco tin | 


Fig. 1. Sectional diagram of the threshold resistance apparatus, drawn to scale. The brass 
sleeves and rubber connecting tubes are spaced to show the details of the arrangement. 


In normal subjects while supine there is no activity in the abdominal muscles at any stage of 
the respiratory cycle and the intra-abdominal pressure rises during inspiration and falls during 


expiration (Campbell & Green, 19536). During increased pulmonary ventilation activity appears — 


in the abdominal muscles during expiration at a ventilation rate of about 40 1./min. As the level 
of pulmonary ventilation further increases, the intensity of abdominal activity increases. The 
abdominal pressure during expiration rises until, if the force of contraction of the abdominal 
muscles is sufficient, the pressure during expiration rises above the level reached during inspira- 
tion. Campbell & Green (1953) called this behaviour ‘reversal’ of the pressure pattern. There are 
therefore two criteria which may be used in gauging the participation of the abdominal muscles 


during expiration: (1) the appearance of activity as recorded electromyographically; and (2) the 
development of sufficient activity to cause reversal of the intra-abdominal pressure pattern. These 
are the two criteria used in the examination of the response to increased expiratory resistance. 
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RESULTS 
The effect of added resistance to expiration during quiet breathing 


Threshold resistance pressures of the following values were employed: 5, 10, — 


12-5, 15, 17-5, 20, 25 and 30 cm H,O. From the description in Methods, it will 
be appreciated that breathing required a mouth pressure, and therefore an 
alveolar pressure, of at least equal magnitude in each case, before expiration 
could occur. The pressure could, of course, be produced either by passive recoil 
or by the use of muscles of expiration. 


T 
Cc 
Flaccid tube 
P 


Fig. 2. Arrangement of the apparatus for adding resistance. By means of the pump (P) any 
desired pressure (p) could be developed in the large pressure reservoir (V), and then applied 
suddenly to the occluding chamber (C) by tap (7’). 


Up to values of 10 cm H,O the addition of the resistance caused no 
contraction of the abdominal muscles or rise of intra-gastric pressure during 
expiration above the level at the end of inspiration. There was a decreased 
depth of expiration or apnoea, followed by inspirations of increasing depth 
leading to an elevation of the end-expiratory level (Fig. 3). 

Resistance pressures of 17-5 cm H,O and above were in all subjects associated 
with contraction of the abdominal muscles and ‘reversal’ of the intra- 
abdominal pressure pattern. 
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Resistances of 12-5 and 15 cm H,O gave variable results, both between sub- 


jects and in the same subject on repeated testing. Repeated testing tended to 
show progressively less muscular activity at these levels. 


The effects of added resistance during increased pulmonary ventilation 

Threshold resistance pressures of 0, 5, 10, 12-5, 15 and 17-5 cm H,O were 
employed. The subjects rebreathed expired air from the spirometer with no 
CO, absorber in the circuit. The resistance was added either before or soon after 
the beginning of rebreathing and pulmonary ventilation was allowed to in- 
crease until the intra-abdominal pressure showed reversal of its respiratory 
pattern (as defined above). The results are set out in Table 1. Each value is 
either a single measurement or the average of two. They show that even with 


cm Oo 3 
2 
50 41 


T Seconds 


Fig. 3. Effects of increased expiratory resistance during quiet breathing. J.¢.P., intragastric 
pressure; 2.M.G., electromyogram taken from the external oblique muscle; Resp., spirogram, 
inspiration upwards; time in seconds. At the arrow a threshold resistance of 10 cm H,O was 
added to expiration and maintained to the end of the record. The 2.M.G. shows no muscular 
activity; the regular deflexion is the e.c.g. The spirogram shows an apnoea of 2 sec when 
resistance was first applied, followed by increase in the depth of inspiration with stabilization 
of the respiration trace at an increased lung volume. There is little variation in intragastric 
pressure in the early part of the record; with the addition of resistance there is an increase in 
the general level, the phasic variation becomes more obvious with a rise during inspiration and 
a fall during expiration. 


TaBLe 1. Effects of expiratory resistance during increased pulmonary ventilation (1. min) 

This table shows the critical pulmonary ventilation (1. min) for (A) the onset of muscular 
activity and (B) reversal of the respiratory pattern of intra-abdominal pressure as defined in the 
text; each value represents either a single determination or the mean of two. Q, quiet breathing (a 
spirogram was not usually taken if activity or reversal occurred during quiet breathing). Pul- 
monary ventilation was increased by re-breathing expired air with no CO, absorber. It will be 
seen that high levels of pulmonary ventilation were achieved without the use of the abdominal 
muscles, even with expiratory resistance pressures of 10 and 12-5 cm H,0. 
Threshold 
a (A) Activity (B) Reversal 


(om en H0) 6.6 J.He. M.Ca. D.A, Mean Mf Ch. GM. J.He. M.Ca. 
55 40 58 5 

5 422 32 6 80 7 Si 110 50 118 7% 88 

10 42 2 58 6 4 45 106 56 8 67 57 
196 2 82 9 
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a resistance pressure of 10 cm H,O the onset of activity in the abdominal 
muscles only occurred at ventilation rates of about 40 1./min. Reversal of the 
respiratory pattern of intra-abdominal pressure only occurred at ventilation 
rates of about 70 1./min. 


DISCUSSION 


It is commonly accepted that much of the response to increased expiratory 
resistance is by greater inspiratory effort leading to inflation of the chest and 
lungs. The additional expiratory pressure is thus provided by increased elastic 
recoil. The aim of the present study was to find the level of expiratory pressure 
at which expiratory muscles were first employed when the pressure gradient 
between the alveoli and the atmosphere is increased. The conventional devices 
used for increasing resistance to air flow were unsatisfactory because pressure 
across them is a function of the rate of air flow. To determine the pressure 
difference at which muscles first contract would therefore require the instan- 
taneous detection of muscular activity synchronously with a recording of 
pressure or of rate of flow. This is not possible with existing electromyographic 
methods. The threshold resistance enabled the alveolar-atmospheric pressure 
gradient to be increased by a known and constant value throughout expira- 
tion. The threshold resistance (i.e. the occluding pressure) at which muscular 
activity first constantly appeared could then be taken as the lowest 
alveolar-atmospheric pressure difference which required muscular effort. 
This value can then readily be used in comparison with other studies of 
resistance, provided two of the three variables (pressure, flow, resistance) 
are known. 

It has been shown that normal subjects are able to attain pulmonary ventila- 
tion rates of 40-50 1./min without the employment of abdominal muscles to aid 
expiration (Campbell & Green, 19536). Campbell & Friend (1955) showed that 
the majority of a series of patients with emphysema did not use the abdominal 
muscles to aid expiration, even when their breathing was increased to the limit 
of tolerance. The present study extends these findings by showing that in 
normal subjects, even during considerably increased pulmonary ventilation, 
and in the presence of considerably increased expiratory resistance, abdominal 
muscles are not used to aid expiration. It must be stressed that the develop- 
ment of abdominal muscular activity when the expiratory pressure exceeded 
10 cm H,O does not necessarily mean that this contraction was brought about 
by the activity of the respiratory centre. The expiratory effort made by the 
subjects may have been largely voluntary. This possibility is supported by sub- 
sequent work reported in the next paper (Campbell, Howell & Peckett, 1957), 
in which it was found that unconscious patients made no expiratory effort 
when exposed to an expiratory resistance of 15-20 cm H,0. Their reaction was 
an increase in the depth of inspiration until the increased elastic recoil of the 
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lungs and chest supplied the necessary expiratory pressure to overcome the 
resistance. 

An expiratory pressure of 10cm H,O may appear small, but comparison 
with the physiological pressure gradient between the alveoli and the mouth 
shows that this is not so. In normal subjects during expiration in quiet breath- 
ing this pressure gradient rarely exceeds 1-5 cm H,0 and it is probably rarely, 
even in severe asthmatic obstruction, that this pressure gradient reaches 
10 cm H,0. 

The results show that normal subjects can maintain a ventilation of 
40 |./min against an added expiratory resistance of 10 cm H,O without the use 
of expiratory muscles. Inspiratory muscles provide the pressure required for 
expiration by distending the lungs and thorax and increasing elastic recoil. 
Thus the muscular work of breathing under these conditions is performed 
entirely by the inspiratory muscles. Simple calculations, assuming reasonable 
values for the elastic and non-elastic resistance in these subjects, show that the 
maximum pressure developed by the muscles of inspiration under these 
circumstances is increased fivefold over that developed during quiet breath- 
ing, and the mechanical work is increased twenty-fold. It is reasonable to 
suppose that the increased activity of the inspiratory muscles represents an 
equivalent increase of activity of the inspiratory centre, thus stressing the 
dominance of active inspiration over active expiration in the increase of 
pulmonary ventilation in response to physiological stimuli. 

SUMMARY 


1. The response of the abdominal muscles to increased expiratory resistance 
has been studied electromyographically and by recording intragastric pres- 
sure. The subjects were five healthy young males examined in the supine 
posture. A threshold type of resistance (one across which the pressure drop is 
independent of the rate of flow) was used. 

2. When resistance was added to expiration during quiet breathing there 
was no abdominal contraction unless the resistance pressure exceeded 
10 cm H,0. 


3. When pulmonary ventilation was increased while breathing against ~. 


expiratory resistance, high ventilation rates were achieved without significant 
abdominal muscle activity even when the resistance pressure was greater than 
10 cm H,O. 

4. The findings stress the minor role of expiratory muscles in pulmonary 
ventilation. 


I wish to thank the late Professor Samson Wright for his guidance and the subjects for their 
co-operation. 
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THE PRESSURE-VOLUME RELATIONSHIPS OF THE THORAX 
OF ANAESTHETIZED HUMAN SUBJECTS; A COMPARISON OF 
THE EFFECTS OF EXPIRATORY RESISTANCE AND 
POSITIVE PRESSURE INFLATION 


By E. J. M. CAMPBELL, J. B. L. HOWELL anv B. W. PECKETT 


From the Departments of Physiology, Medicine and Anaesthetics, 
The Middlesex Hospital, London W. 1 


(Received 14 January 1957) 


The results presented in the preceding paper (Campbell, 1957) showed that in 
conscious subjects the abdominal muscles were not employed to assist in 
overcoming expiratory resistance unless the expiratory pressure required was 
greater than 10 cm H,O. The experiments to be described in the present paper 
were designed to extend these findings by studying unconscious subjects, 
_ using a technique which would detect the presence of any expiratory muscular 
effort. The results also provided information about the significance of the 
compliance of the lungs and thorax as measured by positive pressure inflation 
the paralysed subject. 

METHODS 

The thoracic compliance of the supine, anaesthetized paralysed subjects was measured using 
cyclical positive pressure inflation (Howell & Peckett, 1957). The apparatus consisted of a pump of 
fixed stroke volume cycling at 10/min. The outflow was connected to the subject and also to a 
series of down-pipes fitted with taps, extending for various depths under water. During the delivery 
phase of the pump the lungs and thorax of the subject were inflated until their elastic recoil 
equalled the depth of water in the selected down-pipe. While the surplus air from the pump was 
being blown off through the water, the pressure was maintained in the subject’s airways and 
measured with a water manometer. During the return phase of the pump a valve closed the 
_ @onnexion between the pump and the patient, and opened a port allowing the subject to expire 
passively into a recording spirometer. 

The threshold expiratory resistance used was the same as that described in the preceding paper 
(Campbell, 1957). The subjects were six patients aged 20-63 (three male and three female) with no 
evidence of disease of the heart or lungs. They were studied supine immediately before surgical 
Operation. 

Procedure. Following the usual premedication, anaesthesia was induced with intravenous thio- 
pentone sodium and paralysis with intravenous succinyl choline chloride. A cuffed endotracheal 
_ tube was inserted. In three of the subjects an oesophageal balloon (14 x 0-8 om) was introduced 
into the lower oesophagus and connected to a narrow-bore water manometer. 

- While the subject was paralysed the compliance was measured as described above. After 
36-2 
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spontaneous breathing had returned the subject was connected to an oxygen-filled closed 
spirometer circuit containing a carbon dioxide absorber, and with the resistance in the expiratory 
limb. Threshold resistance pressures of approximately 5, 10, 15 and 20 cm H,O were applied for 
periods of 1 min each. In some subjects the measurement of compliance was made after this 
procedure, in which case the subjects were once more paralysed with succinyl choline. 

Rationale. If expiration is passive and the time interval between the end of one inspiration and 
the beginning of the next is sufficiently long, then the end-expiratory level (E.E.L.) of the spiro- 
gram corresponds to the lung volume at which the relaxation pressure of the lungs and thorax 
equals ambient pressure (taken to equal 0). If expiration is also passive when breathing against a 
threshold resistance then the*E.E.L. will be the lung volume at which the relaxation pressure 
equals the resistance pressure. The graph of the change in lung volume in response to increasing 
threshold resistance pressures will then be the same as the elastic pressure-volume diagram of the 
thorax and lungs, the slope of which is compliance. If expiration is assisted by muscular effort, 
then the E.E.L. will always be at a lower lung volume than that predicted from the elastic 
pressure-volume diagram. If the expiratory muscular effort increases as the expiratory resistance 
increases then the slope of the graph of change in lung volume against threshold resistance 
pressure will be less than the compliance. 


RESULTS 


Fig. 1 is a record of a typical experiment. It will be seen that in response to the 
expiratory resistance the E.E.L. was elevated, and that the increase in lung 
volume varied with the magnitude of the expiratory resistance. From the 
record obtained for each subject a pressure-volume diagram was constructed 
with the threshold resistance pressure as the horizontal co-ordinate and the 
change in lung volume as the vertical co-ordinate. 


non 
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Fig. 1. The effects of expiratory resistance on the lung volume. The record, which reads from right 
to left, is a spirogram taken from a spontaneously breathing anaesthetized supine subject 
using a closed circuit system. Superimposed on the slope of oxygen uptake are the increases in 
respiratory level caused by the threshold expiratory resistance pressures. 
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From the results obtained during positive pressure inflation when the 
subject was paralysed, another pressure-volume diagram was constructed 
with the inflating pressure as the horizontal co-ordinate and the increase in 
lung volume as the vertical co-ordinate. The mean value for the thoracic 
compliance (lungs and thoracic cage) in the six subjects was 59 ml./om H,O 
and the range 41-76. 

In five of the six subjects the pressure-volume diagrams obtained as 
described above were identical. Fig. 2 shows a typical result. In the remain- 


_ ing subject the pressure-volume diagram obtained using the threshold resist- 


ance was displaced to the right of the elastic ss 3 ec diagram, but 
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Fig. 2 Fig. 3 
— Changes in lung volume produced by expiratory resistance compared with those produced 
by positive pressure inflation. Typical result as obtained in five out of six subjects. Ordinate, 
lung volume, the resting lung volume taken as 0; abscissa, the alveolar pressure, atmospheric 
pressure=0, @, individual measurements made by positive pressure inflation when the 
subject was paralysed; x , the effects of resistance on the lung volume when the subject was 

breathing spontaneously. 


Fie 3 Changes in lung volume produced by expiratory resistance compared with those produced 
by positive pressure inflation. Atypical result obtained in one out of six subjects. The ‘co- 
ordinates and symbols are the same as in Fig. 2. The lowest part of the curve connecting the 
resistance figures is dotted because the lowest point on it probably does not represent the 
highest resistance pressure that could have been tolerated without an increase in lung 
volume; further measurements might have shown this point to lie further to the right. 
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was of approximately the same slope (Fig. 3). Palpation of the abdominal 
muscles of this subject showed that there was definite expiratory muscular 
effort during anaesthesia even when there was no added resistance. This 
expiratory contraction did not appear to be present post-operatively. The rela- 
tionship between the two pressure-volume diagrams suggests that this expira- 
tory effort was equivalent to about 7 cm H,O and was independent of the size 
of the expiratory resistance. That is to say, in this subject there was a fixed 
degree of abdominal muscular contraction which did not increase with 


increasing expiratory resistance. 
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Fig. 4. Oesophageal pressure during spontaneous breathing against expiratory resistance com- 
pared with that recorded during positive pressure inflation of the paralysed subject. Ordinate 
as Fig. 2; abscissa is plotted taking the oesophageal pressure at the resting lung volume = 0. 
Py, alveolar pressure; values obtained in same way as for Figs. 2 and 3; P,,,, oesophageal 
pressure. @, values obtained by inflation when paralysed; x, values obtained when 
breathing against expiratory resistance. 

Returning to the findings in the majority of the subjects, there are two 
possible explanations. The first is that expiration is passive and that the 
reaction to expiratory resistance is to increase the depth of inspiration so that 
the elastic recoil is increased sufficiently to overcome the resistance; the 
inflation of the lungs and thorax being governed by their elastic properties as 
determined in the paralysed state. The second possibility is that the pressure— 
volume diagram determined in the paralysed subject has a lower slope than 
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that of the conscious subject (i.e. the compliance is less) and that in response to 
an increased expiratory resistance, expiratory muscles contract to an extent 
which is exactly equal to the difference between the two pressure-volume 
diagrams. The second possibility appears unlikely. However, the possibility 
was investigated in three subjects by recording oesophageal pressure both 
during positive pressure inflation and during spontaneous breathing against the 
expiratory resistance. If muscles of expiration were to contract then the oeso- 
phageal pressure would be greater than the relaxation pressure of the thoracic 
eage at the same lung volume. In none of the three subjects was this found to 
occur (Fig. 4). 
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DISCUSSION 

The experiments described in the preceding paper (Campbell, 1957) showed 
that the abdominal muscles are not used in response to increased expiratory 
resistance. Although it is reasonable to take the behaviour of the abdominal 
muscles as representative of the whole group of expiratory muscles, it is 
preferable to obtain supporting evidence. Moreover, these studies were per- 
formed on conscious subjects and the influence of voluntary participation 
might cause the abdominal muscles to be employed either more or less readily 
than they would be if the reaction were uninfluenced by consciousness. a 

The results of the experiments reported in these two papers show that the “ 
reaction to increased expiratory resistance of a degree which, by comparison 
with clinical conditions, is severe, is to increase the force of inspiration so that 
the lungs and thorax are distended, thus providing the additional expiratory 
pressure by elastic recoil. Although one subject reported in the present paper 
showed evidence of active expiration this activity was not increased in response 
to expiratory resistance, and was probably caused by the anaesthesia. | 

It has been shown that the compliance of the human subject when studied . 
anaesthetized and paralysed is less than when it is determined by the voluntary @ 
relaxation manoeuvre (Nims, Conner & Comroe, 1955). Our findings suggest q 
that the lower compliance, that is to say the one determined in the anaesthe- 
tized paralysed state, is the one that governs the change in lung volume 
which occurs in response to expiratory resistance. It is of interest that, as | 
this compliance is lower, the degree of distension in response to expiratory y 
resistance is less than would occur if the degree of inflation were governed by _— 
the compliance measured by the relaxation pressure manoeuvre. 


SUMMARY 

1. The changes in lung volume produced by breathing against expiratory 4 
‘Tesistance of 5-20 cm H,O were studied in six anaesthetized subjects and, 4 
‘ompared with their thoracic compliance when paralysed, by 
positive pressure inflation. 
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2. The inflation produced by expiratory resistance in five of the subjects 
was found to be that which would be predicted from their thoracic compliance. 
In three of these subjects the oesophageal pressure was also recorded. During 
breathing against resistance the pressure during expiration did not exceed the 
relaxation pressure of the thoracic cage, indicating, therefore, that there was 
no significant contraction of expiratory muscles. The sixth subject showed 
evidence of expiratory muscle contraction but this did not appear to be related 
to the expiratory resistance. 

3. The results show that in anaesthetized, spontaneously breathing subjects 
the usual reaction to expiratory obstruction, even of severe degree, is to 
inflate the lungs and thorax so that the obstruction is overcome by increased 
passive recoil. The degree of inflation is governed by the compliance of the 
thorax as measured in the anaesthetized and paralysed state. 


We wish to thank the consultant surgeons and anaesthetists of the Middlesex Hospital for 
allowing, us to study patients under their care, and the patients for their co-operation. 
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THE EFFECT OF CHANGES IN SODIUM CHLORIDE 
CONCENTRATION ON THE SMOOTH MUSCLE OF 
THE GUINEA-PIG’S TAENIA COLI 


By MOLLIE E. HOLMAN* 
From the Department of Pharmacology, University of Oxford 


(Received 17 January 1957) 


Studies of variation in the ionic environment of nerve and skeletal muscle 
have contributed much to our knowledge of the ionic basis of their activity 
(Hodgkin, 1951). Few such studies have been made on smooth muscle and, 
in particular, there is little information regarding changes in NaCl concentra- 
tion. Vogt (1943) found that hypertonic NaCl solution caused a tonic contrac- 
tion in the circular muscle of the rabbit jejunum, but concluded that this was 
mainly of nervous origin. Prosser, Smith & Melton (1955) found that replace- 
‘ment of half the NaCl in normal solution with choline chloride prolonged the 
negative phase of the complex action potential recorded in the rat ureter. 
This paper discusses the effects of changes in NaCl concentration on the 
_ guinea-pig taenia coli, which was found to be able to maintain its spontaneous 
activity when the Na ion concentration was reduced to 1/9 of normal. Unlike 
nerve or skeletal muscle the spike potentials were unaffected by the Na ion 
concentration over a wide range, though they were not maintained if all the 
Na ions were removed. 


METHODS 


The smooth muscle used for all experiments was the longitudinal intestinal muscle of the guinea- 
pig’s caecum, the taenia coli. Lengths from 4 to 6 mm were mounted isometrically in an organ 
& constant temperature of 37° C. 

The normal solution contained (mm): NaCl 134, KCl 4-7, MgCl, 0-1, NaHOO, 16-3, NaH,PO, 1-1, 
CaCl, 2:5, glucose 7-8; and was aerated with CO, 5, O, 95%. Throughout the paper changes in NaCl 
concentration are referred to as, for example, 3 x NaCl which means 402 mM, etc. When the NaCl 
Was reduced, either sucrose or choline chloride was used to adjust tonicity. Unless otherwise 
_ stated, the remaining components of the solution were unchanged. 

_ Membrane potential was measured with intracellular electrodes whose resistance ranged from 
- 10 to 50 MQ. Tension was measured with a mechano-electronic transducer valve (RCA 5734) 
_ Mounted in the manner described by Bilbring (1955). 


* Melbourne University Travelling Scholar 
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RESULTS 
Excess sodium chloride 


The immediate effect of increasing the NaCl concentration of the bathing 
solution was excitation, that is, the spike frequency and tension were increased. 
The large tonic contraction so produced was similar to that described by Vogt 
(1943). The effect was not influenced by atropine (5 x 10-5). The contraction 
reached a maximum after 7-12 min and then spike frequency and tension 
gradually fell. If high concentrations of NaCl were used (2 or 3x NaCl) all 
spikes ceased after 20-30 min exposure. If the exposure was continued for 
longer periods, after the spikes had ceased, the tension did not continue to 
fall but remained at a fairly high level. On washing out with normal solution 
recovery was slow. At first there was no change but after 10-15 min the 
tension fell abruptly to a much lower level where it remained until spikes 
appeared again. The effects of excess NaCl were completely reversible. 


(a) 6g (b) 758 4 (c) 8g (d) 10g 


78 (th) 3g (i) 78 
sec 
Fig. 1. Electrical activity of taenia coli (a) and (6) in normal solution; (c) to (g) during exposure 
to 2 x NaCl, at 5, 6, 10, 23 and 40 min from start (first arrow); (h) 25 min, (¢) 40 min after 
readmission of normal solution (second arrow). 


Changes in electrical activity produced by doubling the NaCl concentration 
are illustrated in Fig. 1. The response to excess NaCl was an initial increase in 
spike frequency, a subsequent slowing and a final cessation of spikes. The 
tension, which in the normal solution fluctuated between 6 and 8 g, rose 
to a maximum of 10 g and then fell to 4-5 g. About 10 min after washing out, 
when there was still no spike discharge, the tension fell to 3 g. The last record 
in Fig. 1 was taken 40 min later, when spikes had reappeared and the tension 
had returned to normal (7 g). 

These three phases: (1) increased spike frequency and tension, (2) main- 
tenance of tension without spikes, and (3) relaxation after a latent period 
following washing out, were seen very distinctly in 2 or 3 x NaCl. This is shown 
in Fig. 2, in which the spike frequency and tension are plotted against time 
for three sections of an experiment with 3 x NaCl. The tension remained at 
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3 g for 10 min after changing back to normal solution and then fell during the 
next 10 min to reach the steady level shown in section C of the graph. Prv- 
longed exposure to 1} x NaCl (see Fig. 3) did not abolish the spike discharge 
completely, through the frequency became very low and irregular. Every burst 
of spikes was accompanied by a small increase in tension. Some fall in tension 
on washing out was noted in several experiments after exposure to 1} x NaCl. 

In Table 1 changes in spike frequency and tension during excitation are 
summarized from the results of sixteen experiments. A similar increase in 
spike frequency was produced by all three concentrations, but the initial 
increase in tension was greatest in 14 NaCl, ie. a mean increase of 57%, 
compared with 26% in 3 x NaCl. In general the time during which frequency 
and tension were greater than normal was shortest in 3 x NaCl. 


Tasie 1. Excitation produced by excess NaCl 


Excess NaCl 
frequency Tension centration frequency 
(per 10 sec) (g) of NaCl (per 10 sec) (g) frequency Tension 
2-8 17 4-5 90 61 
10 5-6 Increase Increase 
1-5 x NaCl observed observed 
9 5-5 15 8-0 66 46 
i) 2-9 14 4:8 55 65 
Mean 70 57 
12 4-6 30 6-2 150 35 
17 55 38 
5 15 10 66 33 
10 4:8 15 5-9 50 23 
10 5-2 100 
9 6-0 17 7-2 90 20 
Mean 85 30 
10 3-5 18 4-9 80 40 
“ 24 10-1 100 6 
. 16 4-4 26 
8 53 3 x NaCl 14 6-7 15 26 
9 4-0 15 6-3 66 57 
ll 9-0 17 9-4 55 4 
Mean 68 26 


Fig. 4 shows changes in spike configuration which occurred during excitation. 
The normal records show the range through which frequency and tension 
fluctuated spontaneously. The next record was taken during exposure to 
1} x NaCl at maximum tension (8 g, off the record). The spikes were longer in 
duration than normal and the frequency greatly increased. The next record 
was taken a few minutes later. The spikes were much smaller and of still longer 
duration. The last record in Fig. 4 was taken after 23 min exposure to the 
high NaCl solution. Spikes of this type continued in irregular bursts through- 
out the period of exposure and were not dissimilar to those recorded in a 
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normal preparation. Thus, in general, the spikes changed at first to a shape 
typical for excitation and then reverted to the normal shape. The last few 
spikes recorded during exposure to higher concentrations of NaCl also appeared 
to be perfectly normal. 

The level at which the tension remained during the period after the spikes 
had ceased depended on the NaCl concentration. In 2 x NaCl some relaxation 
occurred and the tension reached a steady level well below that of the control 
period. But in 3x NaCl a higher tension was maintained, and in several 
experiments 1t did not fall below the minimum level during the control period. 


a : D 


J 


Fig. 4. Changes in spike configuration and tension during an experiment in which the NaCl 
concentration was increased to 14 x NaCl. (a) and (6) illustrate the range of activity in normal 
solution; (c)-{e) were taken 13, 15 and 23 min after changing to excess NaCl. 


5 mV 


The mean percentage fall below the control level was 24% at this concentra- _ 


tion compared with 40% in 2x NaCl. In Table 2 the level of tension reached 
during prolonged exposure to high NaCl is compared with the level after 
washing out. The fall in tension after readmission of normal solution was the 
more pronounced the higher the concentration of NaC] had been (43% com- 
pared with 21%). It is interesting that the total fall in tension at both 
concentrations was similar (60 and 67%). 

Owing to the wide scatter of readings from a normal preparation the resting 
potential often failed to show consistent changes during exposure to excess 
NaCl. Many of the experiments with 2 x NaCl gave inconclusive results. When 
3x NaCl was used, however, the long period of relaxation after washing out 
made it possible to obtain a large number of readings. These could be com- 
pared with determinations carried out during a similar silent period in high 
NaCl. Under these conditions a large increase in resting potential was ob- 
‘Served when the preparation had fully relaxed after washing out with normal 
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Tasiz 2. Comparison of tension maintained after cessation of spikes in excess NaCl 
with tension reached after further relaxation on washing out with normal solution 
Period after cessation Period after further 
of spikes relaxation 
Control (excess NaCl solution) 


of tension tension Fall* tension fall* 
NaCl (g) (g) (%) (g) (%) 
2x NaCl 46 3-1 33 20 24 
8-0 5-4 33 4-2 15 
75 4-5 40 3-0 20 
4:8 3-2 33 2-6 13 
5-2 2-9 44 1-4 29 
6-0 2-7 55 13 23 
Mean 40 Mean 21 
3 x NaCl 3-5 2-2 37 1-2 29 
. 9-5 7:8 18 6-0 19 
3-5 2-9 17 1-1 51 
5-3 4-0 25 1-2 58 
4-0 3-0 25 0-8 55 
9-0 6-8 24 2-8 45 
Mean 24 Mean 43 


* Fall calculated as percentage of mean control tension. 


NaCi——___+ 
50 15 
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inutes 
Fig. 5. Changes in resting potential, spike frequency and tension during an experiment where the 
NaCl concentration was increased to 3 x NaCl. The excess NaCl solution was introduced at 


20 min and washed out 70 min later. Each point represents the mean of all readings taken 
during @ period of 5 min. (Symbols as in Fig. 2 and x—-—x, resting potential). 
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solution. This isshown in Fig. 5. The period of excitation on exposure to 3 x NaCl 


was not marked in this preparation since the spontaneous activity and tension 
were already high in normal solution. When the spike frequency and tension 
declined, the resting potential rose at first but then it also declined and con- 
tinued. to fall after spikes had ceased. For 10 min after washing out, tension 
and resting potential were little changed. After about 12 min the resting 
potential began to increase and at this time the muscle relaxed. During the 
next hour the resting potential rose steadily and was then maintained at a level 
well above normal. When spikes appeared again and the tension rose, the 
resting potential began to fall. 

The results of four such experiments with 3 x NaCl are set out in Table 3. 
The largest increase in resting potential was seen in Expt. 18 where the mean 
potential rose from 26 to 43 mV. This table also shows a small decrease in 
resting potential during the period of excitation when spike frequency and 
tension were greater than normal. 


Tasie 3. Changes in resting potential during experiments in 3 x NaCl. Values (mV) 


are means for each period 
3 x NaCl 
Spike Normal Greater Zero Lee 
normal normal 
Tension Normal Greater Less Fully Less Normal 
than than relaxed than 
normal normal normal 
(steady) 
Expt. 18 37 29 26 43 32 29 
19 59 as 41 53 41 50 
20 52 50 30 — 
21 41 39 31 44 39 36 


Addition of sucrose to normal solution 


In order to determine whether the effects described above were due to 
hypertonicity alone, the addition of sucrose to normal solution was tested. 
The immediate effect of the sucrose was a brief relaxation due to an inhibition 
of spike frequency. The muscle recovered again, but throughout the next 
30-60 min spike frequency and tension gradually fell. There was no indication 
of any excitation. The time which elapsed before all the spikes ceased was 
variable. In the experiment illustrated in Fig. 6 spikes occurred in irregular 
bursts up to 60 min. In another experiment all spikes had ceased after 15 min. 
No differences were noticed between the two concentrations studied which 
Were equivalent to 2 and 3x NaCl. After washing out, spikes reappeared 
Within 10 min and frequency and tension returned to normal during the next 
40 min. There was no further fall in tension. The resting potential showed the 
Usual] scatter throughout these experiments but there were no obvious changes 
during or after exposure to the sucrose solutions. 
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The effect of sucrose in a low NaCl solution was very similar to that which it 
produced when added to normal solution. In Fig. 7 spike frequency and 
tension are plotted from an experiment in which the NaCl was reduced to 
1/3 and tonicity was restored with sucrose. Spike frequency and tension fell 


Fig. 6. Changes in spike frequency and tension produced by sucrose which was added to make 
a solution of the same tonicity as 2 x NaCl. The sucrose solution was introduced at 37 min 
and washed out 70 min later. Each point represents the mean of all readings taken during 
a period of 5 min, (Symbols as in Fig. 2.) 


Fig. 7. Changes in spike frequency and tension during an experiment where the NaCl concentra- 
tion was reduced to 1/3 of normal and sucrose used to maintain tonicity. The low NaC! 
solution was introduced at 0 min and washed out 45 min later. Each point represents the 
mean of all readings taken during a period of 5 min. (Symbols as in Fig. 2.) 
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Low sodium chloride: replacement with sucrose 
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throughout the period of exposure. In this experiment all spikes ceased after 


40 min. 

The effect. of replacing 1/3, 2/3 and 9/10 of the NaCl was determined. In the 
experiment where 9/10 of the NaCl had been replaced by sucrose all regular 
activity ceased after 10 min; a few spikes were detected during the next 
20 min. In this experiment recovery was very slow. After 2 hr spike frequency 
and tension were still well below normal. 

Fig. 8 shows some typical spikes from an experiment where 1/3 of the NaCl 
was replaced by sucrose. Spikes occurring during the test period were in- 
distinguishable from normal—there was no change in spike height or 
configuration. 


— —4 


t sec 
Fig. 8. Records of spikes and tension from an experiment in which the NaCl was reduced to 
1/3 of normal and sucrose used to maintain tonicity. The first two records were taken in 
normal solution. The low Na solution was introduced at the upper arrow and the next records 
were taken 4, 5, 8, 9, 18, 22, 33 and 38 min later. At the lower arrow normal solution was 
reintroduced and the last records were taken 7, 8, 13, 18 and 20 min later. 


Low sodium chloride: replacement with choline chloride 

When choline chloride was used to replace the NaCl a very different result 
was obtained: there was no cessation of spikes during exposures up to 150 min. 
The immediate effect of the choline chloride solution was one of excitation in 
Spite of the presence of atropine (10~*). During this period the spike duration 
Was increased. This is shown in the second record of Fig. 9, which was taken 
5min after exposure to a choline chloride solution containing 1/3 NaCl. The 
last record in Fig. 9 was taken about 30 min later. About this time some decline 
inspike frequency and tension was noted. This soon passed off and throughout 


the — exposure spike frequency and tension were greater than normal. 
PHYSIO. CXXXVI 
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Except for the initial period of excitation the spike potentials were in- 
distinguishable from normal. A similar result was obtained whether 2/3, 9/10 
or all the NaCl had been replaced by choline chloride. 

When all the NaCl had been replaced the solution still contained 17 mm-Na, 
derived from bicarbonate and acid phosphate. Thus the taenia coli was able to 
maintain its spontaneous activity, although the concentration of Na ions was 
only 1/9 of normal. Even at this low concentration, after the initial excitation 


705 


[+s 


1 sec 
Fig. 9. Records from an experiment in which the NaCl was 1/3 of normal and choline chloride 
was used to maintain tonicity. Top record, normal; second record, after 5 min in the low 
NaCl solution; bottom record, after 45 min exposure. 


10 mV 


had passed, there was no change in spike height or configuration. In Fig. 10 
the records were taken from an experiment where the choline chloride solution 
remained in contact with the muscle for 150 min. The first record was taken 
towards the end of the excitation period. The next record was.taken during the 
period of lower spike frequency which followed excitation; the next was taken 
100 min later. Spike frequency and tension were greater than in the final 
normal record (lowest record) but the spikes still showed normal configuration. 
The resistance of all the electrodes used during this experiment was 20 M0. 
The mean height of the spikes occurring throughout the test period (allowing 
30 min for equilibration and excitation) was 8-7 mV. In two further experi- 
ments with 1/3 NaCl (similar electrodes) the mean spike height was 8-5 and 
10-4 mV. In 1/10 NaCl the mean height was 10-3 mV. Mean values for the 
control periods during these experiments ranged from 5-0 to 12:8 mV. 


Total replacement of sodium ions by choline 
Before it was possible to replace all the Na ions by choline it was necessary 
to choose a new (K-buffer) ‘normal’ solution, containing only 5 mm of buffer 
in the form of K salts, and no KCI. The following solution was prepared: NaC, 
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150 mu; KHCO,, 5-0 mm, aerated with CO, 1, 0, 99%; concentrations of 
CaCl,, MgCl and glucose as before; the pH was 7-3 at 35° C. 

This solution was tested on a preparation in an isolated organ bath hia 
the tension only was recorded on a kymograph with an isometric lever. The 


ension 


| 1sec 
-Fig. 10. Records from an experiment in which all the NaCl present in ‘normal’ solution had been 
replaced with choline chloride. The first three records were taken at 10, 45 and 100 min 


after changing over to the choline chloride solution; the last record was taken 20 min after 
washing out with normal solution. 


15 min 


Fig. 11. Kymograph record of an experiment where the removal of all Na ions was tested: 
(a) tonic contraction, (b) level of tension before washing out with normal solution and abrupt 
fall to zero, (c) first increase in tension 20 min after washing out, (d) tension 80 min later. 
The muscle was exposed to Na-free solution for 75 min. 


behaviour of the muscle was perfectly normal. No changes could be detected 

when K-buffer solution was alternated with the ‘original’ normal solution. 

Fig. 11 shows a kymograph record of the effect of removing all Na ions from 

me bathing fluid. In this experiment the tonic contraction was very marked, 
37-2 
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the initial tension being low. Prolonged exposure produced a fall in tension to 
a level a little below normal. On replacing the (K-buffer) normal solution a 
further very abrupt fall in tension occurred, in this case to zero. Such a fall 
had also been noted in other experiments when the choline solutions were 
washed out. 


1 sec 


Fig. 12. Changes in spike configuration during an experiment with Na-free solution. (a) normal, 
(b) after 25 min exposure to Na-free solution; (c) after 35 min and (d) after 40 min exposure; 
(e) 60 min after washing out with normal solution. 


The corresponding changes in electrical activity are shown in Fig. 12. 
During the tonic contraction the spike duration increased and spike height 
fell, but instead of returning to a normal configuration as in those experiments 
where 1/9 of the Na ions were still present the spike height continued to fall. 
The rate of repolarization was reduced initially, and after about 20 min the 
rate of depolarization also began to decrease. After 30 min the spikes had 
become very small. They continued for some time but grew steadily longer in 
duration and smaller in height. After about 50 min they could no longer be 
detected: No further activity was seen. On washing out, the tension fell 
without delay. Spikes appeared again 10-20 min later, usually in bursts of 
fairly high frequencies. Recovery was complete in 60-80 min. 


DISCUSSION 
It is well known that the electrical activity of many vertebrate tissues depends 
on the presence of Na ions in the external solution. In cardiac muscle reduc- 
tion of the concentration of Na ions slows the rate of impulse production 
(Clark, 1913) and when the Na ions are reduced to 20% of normal, the spon- 
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taneous activity of Purkinje tissue is abolished (Draper & Weidmann, 1951). 
It was surprising, therefore, to find that the smooth muscle of the guinea-pig 
taenia coli was able to maintain its spontaneous discharge of spike potentials 
at normal frequency when the Na ion concentration was reduced to 11%. This 
suggested that the processes underlying the production of spontaneous activity 
in taenia muscle were different from those involved in cardiac muscle. 

The variation of the height of the action potential with the Na ion concentra- 
tion has been studied in vertebrate nerve (Huxley & Stampfli, 1951), skeletal 
muscle (Nastuk & Hodgkin, 1950) and cardiac muscle (Draper & Weidmann, 
1951). In all these tissues the height and rate of rise of the action potential 
declined as the Na ion concentration was reduced. When the concentration 
was between 10 and 20% of normal, the action potential was reduced to about 
half its normal amplitude. At lower concentrations propagation failed. 

The spikes recorded from a normal taenia have been shown to differ from 
those of nerve and striated muscle, in that they were variable in height and 
duration and generally caused only a partial depolarization. However, though 
changes in spike height and configuration occurred spontaneously, definite 
changes beyond the normal range could be recognized during stimulation or 
inhibition by pharmacological agents (Biilbring, 1957). However, in the 
complete absence of NaCl (leaving only 17 mm Na) there was no change in the 
spike height nor in the spike configuration. 

Only when the taenia was bathed in a solution completely free of Na ions, 
which was changed continuously by constant flow, the spikes gradually 
decreased in height until they degenerated into small oscillations. The rela- 
tively slow time course of the decay in spike height (about 40 min) might have 
been due to a delay in the removal of all the Na ions from the extracellular 
space, which in taenia coli has been found to be equal to 36% of the total wet 
weight (E. Biilbring & G. V. R. Born, personal communication). Nevertheless, 
the ultimate fall in spike height to zero suggested that the presence of Na ions 
in the external solution was necessary for the spike production. 

According to the ionic theory of activity in nerve (Hodgkin, 1951) the 
rising phase of the action potential is due to an inward movement of Na ions 
which carries the membrane potential towards the Na equilibrium potential 
(determined by the ratio [Na],/[Na]:). In nerve and skeletal muscle the initial 
increase in Na permeability is followed by an increase in K permeability. This 
enables K ions to move out of the cell and as a result the membrane potential 
is restored to its original level. The rising phase of the spike in taenia coli is 
_ very slow compared with nerve or striated muscle, and normally only leads 
_ to a partial depolarization. This suggests that there may be an increase in 
K permeability at a rather variable membrane potential, but well before the 
Na equilibrium potential is reached. Provided there is sufficient Na outside 
the cell to keep the Na equilibrium potential below the resting potential, an 


Os 
t 


a 
« 


582 MOLLIE HOLMAN 


increase in Na permeability would then still lead to a partial depolarization. 
If the concentration of Na ions in the intracellular water of smooth muscle is 
similar to that of other tissues (about 20 mm) then a depolarization might still 
have been possible when the Na ion concentration was reduced to 11% of 
normal (17 mM). Ifthe Na carrier mechanism were similar to that in nerve and 
striated muscle a marked slowing in the rate of depolarization should have 
been apparent when the external Na concentration was only 17 mm. No such 
change was detected in the present experiments at this concentration, although 
changes in spike configuration did occur after prolonged exposure to Na-free 
solution. This suggests that the Na carrier may be saturated at very low 
external Na concentrations. 

Another explanation may be put forward. Shaw & Simon (1955) have shown 
that frog sartorius muscle can adjust its internal Na when placed in low 
Na solution, so that the ratio [Na],/[Na}: is restored to normal levels. It is 
possible that the taenia is capable of adjusting its internal Na in this manner. 

The effects of excess NaCl on the taenia were complex. During the initial 
rise in tension spike configuration changed to that typical of excitation 
(Biilbring, 1957). As the tension fell, however, spikes reverted to their original 
shape; there was no increase in spike height. 

The rise in tension produced by high concentrations of NaCl was followed 
by a period during which the tension remained high although the spike dis- 
charge was abolished. Born & Biilbring (1956) have shown that, in taenia, 
contraction is associated with an increase in the rate of loss of cell K, and 
relaxation with an increase in the rate of uptake of K. In the presence of 
excess NaCl the maintenance of tension without spikes may have been due to 
a continuous loss of K from the muscle. Shaw, Simon, Johnstone & Holman 
(1956) have shown that toad sartorius muscle, after prolonged exposure to 
high NaCl (5 x normal concentration), lost 90% of its intracellular K. The fall 
in resting potential which was caused by high NaCl in taenia suggests that 
here also, there was a loss of K from the muscle. This explanation is further 
supported by the observation that the tension level was much lower in 2 x NaCl 
than in 3 x NaCl, when the loss of K from the cells should have been less. The de- 
layed relaxation which occurred after washing out the excess NaCl with normal 
solution was associated with an increase in resting potential. This may have 
reflected an increase in activity on the cell pumps, removing the excess Na and 
taking up K. 

Vogt (1943) previously reported a contraction of smooth muscle in response 
to excess NaCl. Working with rabbit jejunum she found that a 20% increase 
produced a strong tonic contraction in the circular muscle, but was without 
effect on the longitudinal muscle. This contraction was not affected. by 
atropine but was abolished by large doses of nicotine and by cooling. She 
concluded that the most likely site of stimulation was the nerve plexus. Our 
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experiments do not exclude the possibility that the initial excitation produced 
by excess NaCl was of nervous origin, but this is unlikely because it occurred 
in the presence of atropine. It seems more probable that the high Na concentra- 
tion stimulated the muscle directly by causing an increase in intracellular 
Na and a loss of K. 

Vogt found a similar contraction of the circular muscle when sucrose was 
used to make the bathing solution hypertonic. She noted, however, that the 
longitudinal muscle was inhibited under these conditions. The taenia, which 
is the longitudinal muscle of the guinea-pig caecum, was also relaxed by 
sucrose, whether it was added to normal solution or used to replace NaCl. The 
time which elapsed before all spikes ceased was variable in both cases but the 
effect was most marked in the experiment where only 1/10 of the normal 
concentration of NaCl was present. This suggests that in low NaCl solutions 
the inhibition may have been due to a movement of sucrose into the cells and 
a disturbance of osmotic balance. 

The present experiments indicate that the spike in taenia is due to a similar 
mechanism to that of the action potential in nerve or striated muscle because 
the presence of Na ions appears to be essential. Some differences, however, must 
exist since the spontaneous activity is abolished only after prolonged exposure 
to a Na-free medium and the spike discharge can therefore proceed at an 
extremely low Na ion concentration in the extracellular fluid. The normal 
spikes in taenia have a very slow rate of rise and their configuration is inde- 
pendent of the Na ion concentration over a wide range. These observations 
suggest that the Na carrier mechanism may not be as highly developed in 
smooth muscle as in tissues where rapid conduction occurs. Further investiga- 
tion concerning the nature of the spike potential is at present in progress. 


SUMMARY 


1. Resting potential, spike discharge and tension have been recorded in the 
isolated taenia coli of the guinea-pig. 

2. Excess NaCl in the bathing solution caused a fall in resting potential, 
increased spike frequency and increase in tension. Prolonged exposure to high 
concentrations of NaCl abolished the spike discharge but a high tension was 
- maintained, associated with a low resting potential. Following readmission of 
normal solution relaxation occurred, after a latent period. This was associated 
with an increase in resting potential. 

_ 3. Hypertonicity produced by the addition of sucrose to normal solution 

did not cause excitation but it depressed spike frequency and tension. 

4. Reduction of NaCl with the addition of sucrose to maintain normal 
_ tonicity produced a similar depression. 

_ 5. When choline chloride was used to replace NaCl (the other components 
__ of the bathing solution being unchanged so that 17 mM-Na remained) spike 
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frequency was not depressed and tension remained high for exposures of up 
to 24 hr. 

6. No changes in spike configuration were detected when the concentration 
of Na ions was varied between 17 and 150 mm, irrespective of whether choline 
chloride or sucrose was used to maintain tonicity. 

7. When all the Na ions were removed the spike potentials decayed and 
were completely abolished after 40 min exposure. 

I wish to acknowledge the encouragement and guidance of Dr Edith Bilbring during the course 


of this investigation. I also wish to thank Mr O. B. Saxby and Mr D. Groves for their help and 
advice in the construction of the apparatus. 
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THE RECOVERY OF KIDNEY SLICES FROM ANOXIA 
IN DIFFERENT MEDIA 


By J. R. ROBINSON 
From the Department of Experimental Medicine, 
University of Cambridge 


(Received 18 January 1957) 


Although it is established that the percentage of water in surviving slices of 
a variety of tissues increases when their respiration is interrupted, not much is 
known about the reversal of this process. In order to discover how extracellular 
ions affected the swelling of rats’ renal cortical slices deprived of oxygen, and 
their ability to recover a normal water content when oxygen was supplied 
again, slices were incubated at 38° C without oxygen in a model extracellular 
fluid in which kidney slices had been found to respire satisfactorily (Robinson, 
1949), or in modifications made by replacing sodium chloride by choline 
chloride, sodium sulphate or choline sulphate, and then re-incubated in each 
of the same four media in the presence of oxygen. Slices which had first been 
in the aqueous media without oxygen were also incubated in oxygenated liquid 
paraffin in an attempt to minimize the contribution of external osmotic pressure 
to the movement of water from the cells. It was found that external sodium 
and chloride increased the uptake of water when oxygen was absent, and 
hindered its removal when oxygen was supplied. There was also a remarkably 
consistent loss of water from slices incubated in oxygenated paraffin. 


METHODS 


Media. The media were prepared exactly as described by Robinson (1956), and the extra- 
ordinary media have again been designated by the names of their principal dissolved constituents. 

Technique. Slices were cut as previously described from the renal cortex of normal young adult 
male rats of the black and white hooded Lister strain maintained in the Department of Experi- 
mental Medicine. The slices cut from the cortical tissue of two kidneys were washed to remove 
debris in the ordinary saline solution (without glucose), and then gently picked out with forceps 
and drained on filter paper. The drained slices were next placed in about 30 ml. of one of the four 
Media (with glucose) in a boiling-tube, and a stream of nitrogen (hydrogen in four experiments) 
Was passed through the solution at a rate of about 2 bubbles/sec for 30 min during which the tube 
was kept in a thermostat at 38° C. The slices were then gently drained, spread out on filter 
paper and lightly blotted. Some of the blotted slices were transferred at once to small 
Weighed tubes for drying to determine the percentage of water in them; the remainder 
Were distributed between five boiling-tubes, one containing each of the four media and one 
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containing liquid paraffin. Each tube contained 4-6 slices in about 10 ml. of liquid. The five tubes 
were placed in the thermostat, and oxygen was bubbled through them for a further 30-40 min, 
after which the slices were removed, drained and blotted as before, and transferred to small 
weighed tubes for drying. Constant weight was reached in an oven at 105° C in 5 hr. The dried 
residues were extracted three times with ether and three times with petroleum ether and then 
re-weighed after a further 30 min in the oven to find the percentage of water in the fat-free 
portion of the tissue. ; 

The results of all experiments in aqueous media are reported as percentages of water in the whole 
tissue; but figures based on fat-extracted tissue have been given for slices which had been immersed 
in paraffin, because paraffin adhering to them would otherwise have led to spuriously low figures 
for the water content of these slices. The average percentages of water in fat-free tissue were 
0-4-0-8 greater than those in whole tissue for slices which had been incubated in aqueous media, 
and 1-5-1:7 greater in the case of slices which had been incubated in paraffin. 

In order to discover how far prior deprivation of oxygen impaired the oxygen consumption of 
the tissue, some of the aerobic experiments were carried out in the flasks of Barcroft manometers 
instead of in boiling-tubes, and the rate at which the slices took up oxygen during the first 45 min 
after it was made available was measured. There appeared to be no difference in water content 
between slices incubated in the manometric vessels and those incubated in boiling-tubes, and 
results from both sets of experiments were pooled in computing the average figures for water 
content. 


The general plan of the experiments may be more readily gathered from the accompanying 
scheme. 


SCHEME OF EXPERIMENTS 


About 30 slices About 5 slices transferred 
incubated after blotting, to 
min 1) Weighed tubes for drying 
at 38° C ordi 
in: edium 
Ordinary medium (3) Oxygenated choline At 38° C in boiling 
or oride medium tubes or manometric 
Choline chloride | (4) Oxygenated sodium flasks for 30-45 min; 
medium a sulphate “er then blotted and 
or Oxygena oline to wei 
Sodium sulphate sulphate medium tubes for oe 
ium (6) Oxygenated liquid 
Choline sulphate : 
RESULTS 
The percentage of water in the slices 


The results are displayed in a diagram (Fig. 1) which falls into four main 
sections, A, B, C and D, separated by horizontal lines. The upper five hori- 
zontal bars in each section show the ‘recovery’ in oxygen of slices which had 
previously been warmed without oxygen in one of the four aqueous media, 
and the solid block at the right of each bar indicates the mean percentage of 
water in the whole tissue and the range of twice the standard error on either 
side of the mean. The lower two bars in each seetion show corresponding means 
and ranges for the fat-free portion of slices incubated anaerobically in the 
aqueous media and then aerobically in paraffin. The number of observations 
contributing to each average is indicated to the right of the corresponding bar. 
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The compositions of the media are shown in labels on the bars as well as by 
a shading convention. For purposes of comparison, the vertical band crossing 
the horizontal bars in each section shows the range of twice the standard error 
above and below the mean percentage of water in fresh slices which had been 
incubated in the same media without previous anaerobic treatment (Robinson, 
1956). 

Comparison of the uppermost bars in the four main sections of Fig. 1 with 
the vertical bands representing the earlier results shows that lack of oxygen 
was associated with the uptake of more water when the medium contained 
ordinary concentrations of sodium and chloride than when only one of these 


ions was present; when both were absent slices incubated without oxygen - 


contained less water than those which had been freshly incubated with 
oxygen. | 

Section A considered by itself shows that the water content of slices which 
had first been incubated without oxygen in the ordinary medium fell 3-4° 
when oxygen was supplied again in the same medium, a little over 4% in the 
choline chloride medium, and about 5% in the two chloride-free media. The 
water content of the slices incubated in paraffin fell about 4%. In no case 
was the water content restored to that of slices which had been incubated 
aerobically in the ordinary medium without previous deprivation of oxygen; 
their water content was more than 7 % less than that of the slices which were 
incubated anaerobically. 

Section B of Fig. 1 shows that the water content of slices which had been 
incubated without oxygen in the choline chloride medium fell 1-2% in the 
same medium with oxygen, a little less, about 1%, in the ordinary medium, 
and rather more, about 2% and 2-3°% respectively, in the sodium sulphate 
and choline sulphate media. The water content of these slices fell about 3% in 
oxygenated paraffin. 

Section C shows that the water content of slices incubated without oxygen 
in the sodium sulphate medium was about 3%, greater than that of fresh slices 
incubated aerobically in the same medium. Hardly any water was lost when 
oxygen was supplied in the choline medium, and the water content only fell 
about 1°, in the other aqueous media, but the water content of the slices 
incubated in paraffin fell about 3%. 

Section D shows that the water content of slices incubated without oxygen 
in the choline sulphate medium was about 15%, less than that of fresh slices 
in the same medium with oxygen. These slices did not lose water when supplied 
With oxygen in the same medium, and their water content actually increased 
about 1% in oxygenated media containing sodium, chloride or both, but it 
fell 3°, in paraffin. 

Since it seemed possible that the reduction in water content of the slices 
immersed in paraffin might be caused by blotting these slices twice without 
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intermediate exposure to an aqueous medium, or be due to other physical 
causes unrelated to the metabolic effects of oxygen, slices which had been in 
the ordinary medium without oxygen were immersed in liquid paraffin and 
treated exactly as in the aerobic experiments except that hydrogen or nitrogen 
was passed through the oil instead of oxygen. Thirteen sets of slices from the 
ordinary medium had an average initial water content of 82-1 % (s.z. +.0-19%) 
in terms of fat-free tissue. Seventeen groups of corresponding slices showed an 
average final water content of 81-6% (s.2. +0-21%) after exposure to 
hydrogen or nitrogen in paraffin. The difference between the means was not 
statistically significant (¢=1-73; P=0-1), so that the effect of oxygen is 
unlikely to have been an artifact. 


Changes in the actual amount of water in the slices 
_ Changes in the percentage water content do not adequately express the 
actual amounts of water lost by the slices. To reduce its water content from 
84 to 80%, 100 mg of tissue would have to lose 20 mg of water; for the per- 
centage of dry matter would have to increase from 16 to 20, so that the 16 mg 
of dry matter contained in the original 100 mg of tissue became 20%, of a new 
total weight of 80mg. Actual exchanges of water are better shown by 
expressing the water content of the tissue in terms of unit weight of dry 
matter. Thus, the total weight of tissue per kg of dry matter is 


100/(100 —°%% water content) kg. 


If this is denoted by 7, the total tissue water is (T—1)1/kg. If extra- 
cellular water always contributed one-quarter of the weight of the moist 
tissue (Robinson, 1950; Whittam, 1956), the amount of intracellular water 
per kg of dry matter would be (7—1)—7/4=37/4—11. Table 1 shows 
values calculated in this way from the averages of Fig. 1, and also the 
differences, in ml./kg dry matter, produced by oxygen in the aqueous media. 
Table 2 gives corresponding figures, calculated on a basis of fat-free instead 
of total dry matter, for experiments in paraffin. 


Fig. 1. Water content of slices after anaerobic incubation in aqueous media followed by 
aerobic incubation in the same media and in liquid paraffin (see text). 
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The uptake of oxygen by the slices the spe 

The results of the manometric experiments were not directly comparable yolume 
with those in the same media reported by Robinson (1956) because the slices about | 
weighed into the manometric vessels contained different proportions of water 
on account of their previous anoxic treatment. When allowance was made for 
these differences in initial water content, by comparing results in terms of Slices d 
initial dry weight, the rates of oxygen consumption of slices in the aqueous extrace 


osmc 
Taste 1. Effect of oxygen in aqueous media on intracellular water of rs i 
slices previously incubated without oxygen wa 
Intracellular water, per kg dry matter ren 
After incubation with oxygen in 
A vary Ww 
Medium in which Ordinary medium Choline chloride Sodium sulphate Choline sulphaiq assessir 
incubated without Initial Diff. Diff. Diff. Diff. remem! 
oxygen (L.) (L.) (ml.) (ml.) (1.) (ml.) (1.) (ml.) muscle 
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media were found to be 10-20% less than those of fresh slices incubated mediu: 
aerobically in the same media without prior deprivation of oxygen. No satis- | 
factory figures were obtained for slices in paraffin, because the precautions obusati 
recommended by Rodnight & McIlwain (1954) were not taken, and the periods ‘other c 


were too short to allow the oil to come into equilibrium with the gas phase. }  imaddi 
The apparent rates ranged from 1-6 to 2-5yul./hr/mg; but they were still in cho 
increasing. might 

Volume of paraffin adhering to the slices greate 


The average weight of ‘fat’ removed by extracting the dried residues from -Indeec 
293 groups of slices which had been in aqueous media was 0-81 mg/100 mg agains 
moist tissue, with a s.z. of +0-02 mg. Sixty-seven groups of slices which had aerohi 
been immersed in paraffin gave an average ‘fat’ content of 2-01 mg/100 mg Lim 
with s.z. +0-09 mg. No loss of weight occurred when tubes containing sma!| anoxis 
amounts of the liquid paraffin were left in the drying oven during the night. foxy 
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Hence about 1-2 mg of paraffin adhered to each 100 mg of the slices: and since 
the specific gravity of the paraffin was found to be 0-863 g/ml. at 20° C, the 
yolume of paraffin remaining on the slices after draining and blotting was 
about 1-4ul./mg of moist tissue. 


DISCUSSION 


Slices deprived of oxygen might take up water because the entry of previously 
extracellular ions or the retention of products of autolysis increased the amount 
of osmotically active material in the cells; possibly also because active extrusion 
of water ceased for lack of energy. No appreciable shift of water should follow 
the entry of sodium, unaccompanied by anions, in exchange for internal 
potassium lost because of anoxia, The entry of water with external ions should 
vary with the concentration of sodium and freely permeant anions, but in 
assessing the amount of swelling to be expected from this source it must be 
remembered that renal cells normally contain more sodium and chloride than 
muscle cells and neurones, which are usually regarded as typical. Each minute 
the mammalian tubular epithelium secretes into the blood about half its own 
volume of an extracellular fluid, and the composition of its cells must reflect 
this. Analytical figures assembled by Harris (1956) suggest that the concentra- 
tions of sodium, potassium and chloride in mammalian renal tissue are of the 
same order of magnitude; hence if about one-quarter of the tissue is extra- 
cellular fluid, about one-half of the sodium and the chloride must be inside 
cells. 

Besides showing that sodium and chloride promoted the uptake of water 
during anoxia and opposed its removal when oxygen was supplied again, 
Fig. 1 illustrates the low water content of slices from the choline sulphate 
medium, which had presumably lost their normal quota of intracellular sodium 
and chloride. The fact that the water content of slices in the choline sulphate 


_ Medium was unaffected by oxygen suggests that the loss with potassium 


escaping during anoxia balanced gains arising from autolytic changes and the 
cessation of possible active extrusion. The small increases in water content in 
other oxygenated media were probably due to the entry of sodium and chloride 
inaddition to potassium. Although the somewhat greater oxygen consumption 


In choline media of slices which had not previously been immersed in them 


might suggest that some choline entered the cells and was metabolized, much 


"greater swelling should have occurred in these media if choline entered freely. 


Indeed the low water content of slices in the choline sulphate medium argues 
against the free penetration of choline and sulphate into the cells either 
aerobically or anaerobically. 

Limited comparisons may be made of the effects, in ordinary media, of 
anoxia and of interference with respiration by other means. The slices deprived 
of oxygen contained 83-3 % of water, compared with 83-6 % from the regression 
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line calculated (Robinson, 1956) for results on slices poisoned with cyanide, 
and 81-6% for slices chilled to 0-4° C (Robinson, 1950). The water content had 
returned further towards normal when cyanide was removed from the medium 
than it did when oxygen was supplied again in the present experiments, 
although the rate of oxygen consumption had recovered more completely after 
anoxia than after poisoning with cyanide. Hence it seems that their some- 
what low oxygen consumption would only partly explain the failure of slices, 
which had been deprived of oxygen in media containing sodium, ever to regain 
the water content of fresh slices incubated aerobically in the same media. 
Moreover, retention of sodium in the cells could hardly be responsible, for the 
higher water content persisted in sodium-free media (Fig. 1). The extent to 
which potassium and other ions are retained in the cells of slices in the various 
media is being investigated. 


The behaviour of the slices in paraffin 

From the rate at which inulin occupied its volume of distribution in similar 
slices in the cold (Robinson, 1950), the aqueous media probably permeated 
throughout the interstitial water of the tissue and effectively bathed the cells 
in an unlimited extracellular phase of constant composition and osmotic 
pressure. If all the cells in the slices kept in osmotic equilibrium with their 
surroundings, their volume should have been determined by the quantity of 
intracellular solutes, and they should have lost water during recovery from 
anoxia simply because the internal osmotic pressure fell below that of the 
medium when products of autolysis were destroyed and intruding ions 
expelled. The osmotic gradient responsible for the movement of water out of 
the cells should disappear if the external aqueous phase could be removed; 
a reduction in the osmotic pressure of the cells’ contents should not then lead 
to a loss of water, and active processes transporting water might be unmasked. 
Unpublished preliminary experiments by O. D. Batt and Robinson suggested 
that the swelling of kidney slices which had been deprived of oxygen in 
ordinary media could be reversed by oxygen in liquid paraffin. Although it is 
now clear that the aqueous phase surrounding the cells was not completely 
removed, since paraffin entered so small a fraction of the extracellular space 
of the slices, the ‘osmotic reservoir’ bathing the cells was reduced to a small 
pool of the order of one-third of the cells’ volume, trapped round the slices by 
the oil. Fluid leaving the cells of a slice under paraffin was presumably first 
added to this pool, and subsequently removed when the slice was blotted. 

Loss of water from slices which had been in ordinary media without oxygen 
need not imply active secretion of water, for the expulsion of sodium from the 
cells could raise the concentration of the little extracellular pool and shift 
water out by osmosis. Fig. 1 shows, however, that the water content of slices 
which had been in relatively sodium-free anoxic media (B and D), and whose 
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cells presumably contained little sodium to be extruded, was reduced almost 
as much by oxygen in paraffin as that of slices from the ordinary medium (A). 
Since Table 2 shows further that the actual loss of water from the sodium- 
depleted slices was about half as great, extrusion of sodium could probably 
not account for more than one-half of the aerobic loss of water from slices 
swollen in the ordinary medium. 

It remains to explain the curious fact that the slices immersed in paraffin 
lost so much more water to the tiny pools trapped by the oil than to the far 
larger volumes which surrounded slices suspended in the aqueous media; for 
the small pools presumably had the same initial composition as the media in 
which the slices had been incubated without oxygen. An important effect of 
restricting the extracellular aqueous phase to the small oil-enclosed pool must 
have been severely to limit the amount of potassium available to be re-accumu- 
lated by the cells. The greater net loss of water by slices under paraffin might 
therefore be explained by the smaller gain of water in association with potas- 
sium which could offset losses arising from the reversal of autolytic changes, 
and, possibly, from active extrusion of water. Another effect of restricting the 
extracellular aqueous phase would be, that when the total concentration was 
reduced inside the cells by aerobic removal of products of autolysis, the small 
enclosed pools would soon be diluted by water from the cells, so that slices in 
paraffin should lose less water during osmotic equilibration than slices in 
aqueous media. It can easily be calculated that one-quarter to one-third as 
much water should leave the cells to a pool of one-third of their volume as to 
an unlimited extracellular phase of the same initial osmotic pressure. Hence 
both the uptake of water with potassium and the loss of water from repair of 
autolytic changes should have been minimized by restricting the available 
volume of extracellular fluid. But a special transporting system capable of 
actively expelling water from the cells should have been unaffected, and might 
have been responsible for a considerable part of the water lost from slices which 
had been incubated in sodium- and chloride-free media. It is hoped to secure 
unequivocal evidence on this point by examination of the fluid trapped round 
slices in non-aqueous media. 

SUMMARY 

1. Rats’ kidney slices which had first been incubated anaerobically at 
38° C in an ordinary medium, or in modifications made by substituting choline 
chloride, sodium sulphate or choline sulphate for sodium chloride, were sup- 
plied with oxygen in the aqueous media and in liquid paraffin. 

2. Previous anoxia did not greatly impair the oxygen consumption measured 
in aqueous media. 

3. External sodium and chloride increased the amount of water taken up 
when oxygen was lacking, and opposed the reduction in water content which 
Occurred when oxygen was supplied again. 
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4. Slices from all of the oxygen-free media lost considerable amounts of 
water when supplied with oxygen in paraffin. Hence, although movements of 
common ions were important, they were not the sole cause of shifts of water 
between the cells and their medium. 
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SPONTANEOUS RELEASE OF TRANSMITTER SUBSTANCE 
IN MULTIQUANTAL UNITS 


By A. W. LILEY* 
Department of Physiology, Australian National University Canberra, Australia 


(Received 24 January 1957) 


The occurrence of spontaneous miniature potentials at the neuromuscular 
junction of the rat has been described in a previous paper (Liley, 19564). In 
that paper reference was made to the frequent observation of spontaneous 
large ‘miniature’ potentials with amplitudes several times the modal value 
of a series of potentials and, at one junction, calculations showed that more 
of these large potentials occurred than could be accounted for by the random 
coincidence of the ‘unitary’ miniature potentials. The present paper deals 
with a further investigation of this phenomenon. It would seem paradoxical 
to designate potentials whose amplitudes may reach 12 mV as ‘miniature’ 
potentials; hence, in this paper, such potentials will be referred to as ‘giant 
potentials’. In distinction, ‘miniature potentials’ will refer to the ‘unitary’ 
spontaneous potentials. | 
METHODS 

Details of the preparation, solutions, apparatus and technique of intracellular recording employed 
have been described in previous papers (Liley, 1956a—c). On the assumption that the discharge 
of miniature potentials is a random process, the method by which the expected number of co- 
incident discharges in a series of miniature potentials may be calculated has been illustrated by 
Fatt & Katz (1952) and Liley (19564). 


RESULTS 


Giant potentials could be detected at any junction, both in the gracilis muscle 
in vivo (Fig. 1.4) and in the isolated diaphragm (Fig. 1B). However, the re- 
lative frequency of giant potentials varied greatly from one fibre to the next. 
At some junctions the giant potentials comprised 20°% or more of the spon- 
taneous discharge, but this was unusual. At most junctions there were very 
few more than would have been predicted from random coincidence of minia- 
ture potentials. Nevertheless, when twenty junctional records were selected 
for detailed study because the incidence of giant potentials did not appear 
* Present address: Postgraduate School of Obstetrics and Gynaecology, Auckland University 
College, Auckland, New Zealand. 
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excessive, no instance was found in which the occurrence of giant potentials 
did not exceed the expectation from stochastic theory. Although the numerical 
values were small, the probability of their ‘natural’ origin, by random 
summation of unitary potentials, was exceedingly remote, being in most cases 
of the order of 10-2, On the other hand, detailed analysis showed that at 
brief intervals, e.g. in the range of 2-5 msec, discharges were not in excess of 
expectation. The problem was that there were too many occasions when 
quanta appeared to be discharged synchronously. This phenomenon was 
unrelated to the position of the intracellular electrode tip, whether near or 
relatively distant from the junction. 

At a given junction the giant potentials varied in amplitude. Predominantly 
they were small, being some 2 or 3 times the modal amplitude of the miniature 
potentials, but isolated potentials of some 5 or 6 mV were common, and the 
maximum amplitude encountered was 12 mV. Not infrequently, in normal 
solutions, those giant potentials exceeding 6-8 mV generated propagated 
musele action potentials (Fig. 1B). 


A 


20 msec 
| 
Fig. 1. A: A giant potential at a junction in the rat gracilis in vivo. B: Action potentials generated 


Several subthreshold 
giant potentials are also present. 


At some junctions the frequency distribution of amplitudes of giant poten- 
tials displayed an obvious periodicity (Fig. 2), with peaks occurring at simple 
multiples of the modal amplitude of the miniature potentials. Such observations 
implied that the giant potentials arose by the synchronous discharge of a 
number of quanta of transmitter each equal to the quantum normally 
generating @ miniature potential. This periodicity was not always evident 
(Figs. 4.4, 6) because the demonstration of peaks requires that the amplitude 
spread of the miniature potentials be small. Further, for the larger giant 
potentials, linear summation of any constituent units could not be expected 
since the membrane potential was significantly displaced toward the equi- 
librium potential for the e.p.p. (del Castillo & Katz, 1954a). Giant potentials 
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of any given amplitude band displayed no rhythmicity. Rather they appeared 
to comprise a stochastic process within the random pattern of the miniature 
potentials. 

The time course of the giant potentials normally did not differ from that of 
the miniature potentials. Occasionally, with the larger giant potentials the 
latter part of the rising phase was slower (Fig. 5), which possibly indicates a 
situation akin to that described by del Castillo & Katz (1955a, 1956a) in the 


= 


No. of observations 
1 


1 
1 2 4mV 
Amplitude 
Fig. 2. Frequency distribution of amplitudes of 820 spontaneous potentials at a junction with a 
high proportion (about 9%) of giant potentials. Amplitudes grouped into brackets of 1/15 mV. 
Note the distinct periodicity in the distribution. Discharge frequency was 3-09/sec. 


0 


frog, viz. local saturation of acetylcholine receptors by the focal release of a 
large quantity of acetylcholine. In consequence more distant receptors at 
the junction became increasingly involved and the effect of the transmitter 
persists until the local concentration falls below saturation level. More 
frequently the falling phase of the giant potentials appeared longer. Such an 
effect could also arise from the local saturation mechanism, or, more readily, 
merely from the fact that with the exponentially declining giant potentials 
4 displacement from the base line was recognizable for a longer time. 
_ By contrast, in three fibres evidence of double innervation was obtained. 
Records from one of these fibres are shown in Figs. 3 and 4. In this situation, 
naturally, the larger potentials exhibited a much briefer time course since 
they originated in the junction nearer the micro-electrode. Furthermore, 
each population exhibited its own family of giant potentials. 
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Edds (1950) and Cole (1955) have demonstrated the bifurcation of an epilemmal axon to give 
two end-plates cn the same muscle fibre in rat leg muscles. An occasional bifurcating axon with 
or without two distinct end-plates may be found also in the stained rat diaphragm. However, 
two distinct endings on one muscle fibre would need to be separated by at least 50-100 « before 
they could be discriminated electrically, and even then it is essential that the micro-electrode 
be inserted very close to one of the endings so that the miniature potential populations may be 
distinguished by amplitude and time course. Such a fortunate set of circumstances must be 
rare for, in many thousands of penetrations in the rat diaphragm, only three fibres have displayed 
unequivocal evidence of double innervation. 


Fig. 3. Records from a fibre with double innervation. Note fast (rising phase 0-6—-0-9 msec) and 
slow (rising phase 1-4-2 msec) potentials. Miniature slow potentials are preceded by a dot 
and giant slow potentials by two dots, Discharge frequency of fast potentials was 1-57/sec 
and of slow potentials 0-68/sec. See also Fig. 4. 


. Obviously it was important to recognize such double innervation, for 
indiscriminate measurement of potentials in such fibres would lead toa markedly 
bimodal distribution of miniature potential amplitudes. 

The effects of a number of agents and procedures on the giant potentials 
have been investigated : 

(a) Denervation. The giant potentials disappeared coincidentally with the 
miniature discharge. 
(6) Tubocurarine. During curarization of a preparation giant potentials 
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diminished in amplitude, but frequently they could be detected after the 
miniature potentials were lost in the base-line noise. 

(c) Anticholinesterases. Prostigmine in a concentration of 10-* augmented 
and prolonged the giant potentials. Many of the larger potentials generated 
muscle action potentials (Liley, 1956a). Indeed it appeared that only giant 
potentials could produce fibrillation, for prostigmine at this concentration 
merely doubled the miniature potential amplitude—to some 2-3 mV, which 
| was well below the threshold for a muscle action potential. 
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_ Fig. 4. Frequency distribution of amplitudes of A, 609 fast; and B, 263 slow potentials in the 
fibre of Fig. 3. Amplitudes grouped into brackets of 1:15 mV. Note difference between 
modal amplitudes of A and B; also that each population has a marked ‘tail’ of giant 
potentials. 


(d) Temperature variation (25-40°C); anoxia; sodium cyanide (2 mm); 
glucose deprivation (2 hr). Individually all these agents were without sig- 
nificant effect on the relative frequency of giant potentials. 

(e) Nerve block. Production of nerve block (by cold) about 1-5 mm from 
the terminals was without influence on the giant potentials. This observation 
tuled out the possibility that giant potentials resulted from orthodromic 
impulses—either from the cut end of the phrenic nerve in the isolated dia- 
phragm or from the spinal cord with the gracilis muscle in vivo. 

_ In order to determine whether the giant potentials were associated with 
antidromic impulses in the motor nerves, the phrenic nerve trunk, over a 
few millimetres, was pared down to about half its original cross-section. By 
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applying stimulating electrodes to the pared nerve, the muscle fibres whose 
innervation was still intact were identified. The micro-electrode was retained 
at one of these innervated junctions while the surface electrodes on the pared 
phrenic nerve were led, via an amplifier, to the second beam of the ©.R.0. 
No activity could be detected in the phrenic nerve. When, on the other hand, 
prostigmine (10-*) was added to the solution bathing the muscle strip, 
numerous antidromic impulses could be detected in the phrenic nerve (Fig. 5). 


Fig. 5. Simultaneous intracellular recording at a junction (upper, clean record) and extracellular 
recording from the pared phrenic nerve (lower, noisy record) in a preparation treated with 
prostigmine bromide 10-*. Note that the action potentials (circled) in the phrenic nerve 
are not associated with the giant potentials. Voltage calibrations: 2 mV for intracellular 
record, 2 ».V for extracellular record. 


This phenomenon was originally observed by Masland & Wigton (1940) in 
the eserinized cat. However, although the giant potentials were augmented, 
many sufficiently so to generate muscle action potentials, no association could 
be found between the nerve impulses and giant potentials. Indeed, considering 
only those potentials whose amplitudes exceeded threefold or more the modal 
amplitude of the miniature potentials, no nerve impulse was recorded within 
+5 msec of any of forty-four giant potentials recorded at four separate 
junctions. If the nerve impulses indicate the discharge of motor units (fasci- 
culation) it is to be expected that an occasional muscle action potential would 
be associated with a nerve impulse, but this event was not observed. The 
genesis of the antidromic impulses in the presence of anticholinesterases 
remains obscure, but on the present evidence it may be said that the nerve 
impulses are not usually, and possibly are never, generated in the process 
which initiates spontaneous giant potentials. 
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(f) Magnesium and calcium. Variation in magnesium concentration over 
the range 1-12-5 mm and in calcium concentration over the range 0-4 mm had 
no effect on the relative frequency of giant potentials. At one junction 
blocked by 12 mm-Mg the paradoxical situation was observed that, whereas 
a nerve impulse evoked a response of low quantal content (Boyd & Martin, 
1956; Liley; 19566) which never approached the muscle fibre threshold, an 
occasional spontaneous giant potential of some 8-10 mV readily initiated a 
muscle action potential. In these conditions no evidence was obtained that 
giant potentials could occur as a response to a nerve impulse. 

100 


' | ' ' 4 


= 


T T 
3 4 5 


7 mV 


1 é 

Amplitude 

Fig. 6. Effect of electrotonic polarization of a nerve terminal on the incidence of giant potentials. 
A: Frequency distribution of amplitudes of 458 consecutive potentials at a resting junction 
(discharge frequency 10-2/sec) with a high proportion of giant potentials. Amplitudes grouped 
into brackets of 1/15 mV. B: Frequency distribution of amplitudes of 478 consecutive poten- 
tials at the same junction as A after discharge frequency had been increased to 117/sec by 
depolarization of the nerve terminal. Note that the modal amplitude is unchanged but the 
relative frequency of giant potentials has declined markedly. (Strictly, the potentials were 
not ‘consecutive’ in either series because there was rejection of potentials whose peaks occurred 
during the 3 msec ‘flyback’ of the 0.8.0. beam.) 


(g) Electronic polarization of nerve terminals. When the motor nerve 
terminals were hyperpolarized or depolarized a decisive and unexpected 
Observation was made at junctions displaying a high proportion of giant 
potentials. Whereas the miniature potential frequency was readily modified 
by presynaptic polarization (Liley, 1956c), the absolute frequency of the giant 
potentials was not significantly altered. Hence the relative frequency of giant 
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potentials varied greatly with polarization (Fig. 6). Furthermore, while at a 


junction displaying but few giant potentials it was correct to say that the mean 
amplitude of the miniature (meaning ‘all spontaneous’) potentials was un- 
altered by presynaptic polarization (Liley, 1956c), such a statement would 
not apply at a junction such as that depicted in Fig. 6. The amplitude of the 
miniature (unitary) potentials remained constant, but the mean amplitude of 
the total spontaneous discharge varied with the relative frequency of giant 
potentials. 

(kh) Potassium (Liley, 1956c). Potassium in a concentration of 15-20mm 
had no effect on the absolute frequency of giant potentials, their relative 
frequency merely declining as the frequency of the miniature potentials 
increased, 

(i) Post-activation potentiation (Liley, 1956a, b). The absolute frequency 
of giant potentials at two junctions showed no marked change when the 
miniature discharge was accelerated by a tetanus of 3000 impulses (200/sec 
for 15 sec). 

DISCUSSION 
Del Castillo & Katz (1956a) suggested that it might be possible with an intra- 
cellular electrode to detect, amid the population of miniature potentials, a 
few large fast potentials which would arise (as a subtlety of recording) by con- 
vergence of current flow at an ‘active patch’ (del Castillo & Katz, 19552, 
19564; Liley, 1956a) situated very close to the electrode tip. The expected 
characteristics of such ‘active patch’ potentials may be tabulated as follows: 


(a) Detection (as for extracellular miniature potentials) would be rare and 
difficult, for it would require a very precise location of the electrode at 
the end-plate. 

(b) The time course would always be briefer than that of the miniature 
potentials. 

(c) Amplitudes would not occur as simple multiples of the miniature potential 
modal amplitude. Potentials of largest amplitude would not. generate 
muscle action potentials. 

(d) The frequency would vary with the miniature discharge frequency when 
the latter was modified by any agent. 

(e) Large potentials would occasionally contribute to responses to nerve 
impulses. 

All these theoretical criteria of large ‘active patch’ potentials stand in sharp 

contrast to the characteristics of the giant potentials described in this paper. 

The present observations indicate that giant potentials are of presynaptic 
origin. Their pharmacology is similar to that of the miniature potentials, and 
it would appear that giant potentials arise simply by the synchronous or 
near-synchronous release of a number of quanta of acetylcholine. 
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Neither the mechanism of this synchronous release nor the great variation 
in relative frequency of giant potentials at different junctions can be explained. 
The giant potentials neither result from nor cause impulses in the motor 
axons. Variations in calcium and magnesium concentration modify pro- 
foundly the effects of an impulse and electronic depolarization of the release 
of quanta (del Castillo & Katz, 1954a,b; Boyd & Martin, 1956; Liley, 1956, c), 
but these ions are without effect on the incidence of giant potentials. Hence 
it appears unlikely that the giant potentials are generated by local responses 
of the membrane of motor nerve terminals. 

Giant potentials cannot be explained as artifacts produced by injury. 
Deliberate trauma to a junction (Liley, 1956a, c) invariably accelerates the 
Miniature discharge but has never been found to induce the multiquantal 
telease of transmitter. Furthermore, giant potentials may be detected with 
the micro-electrode inserted some distance from a junction. 

Originally it was supposed that the discharge of a single quantum might 
facilitate the release of a second quantum, possibly by an electrical event in 
the motor terminal membrane (Liley, 1956a). This model was suggested by 
the observations that the miniature potential frequency was raised after 
indirect stimulation, and that electrotonic depolarization of the terminals 
accelerated the discharge. However, this explanation raises several problems. 
First, it predicts that the behaviour of a motor nerve terminal is inherently 
unstable, and that, intermittently, there would develop a fulminating 
chain reaction of miniature discharges. Secondly, any facilitatory effect 
must be of very brief duration, for the incidence of discharges at intervals 
of 2-5 msec is not excessive. Thirdly, this explanation would appear 
incompatible with the observation that the relative frequency of giant 
potentials falls as the discharge is accelerated by depolarization of the nerve 
terminals. 

As an alternative hypothesis, coalescence of preformed quanta of trans- 
mitter may be postulated. The occasional release of the resulting aggregates 
of transmitter would produce the same potential change as the synchronous 
telease of several independent quanta. This model might be compatible with 
the stability of the absolute frequency of giant potentials from terminals 
Which are subjected to electrotonic depolarization, excess potassium and 
tetanic stimulation, for the mobility of large aggregates would be less than 
that of single quanta. Alternatively, under these conditions, the high turnover 
of quanta might reduce the probability of their coalescence. 

Recent electron microscope studies (Palade, 1954; Robertson, 1956) have 
Tevealed that vertebrate motor nerve terminals contain numerous ‘vesicles’ 
With diameters in the range 200-500A. Robertson (1956) suggests that these 
vesicles might be charged with acetylcholine and be analogous to secretion 
“granules (cf. del Castillo & Katz, 19556, 19566). It is an attractive hypothesis 
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that these vesicles are the morphological correlates of the quanta of transmitter 
which, on release, generate miniature potentials. 

Within this framework it is interesting to seek evidence that giant potentials 
might be produced by preformed aggregates of transmitter. If the vesicles 
tended to maintain a spherical form, then a giant potential equivalent to as 
many as ten unitary potentials would derive from a vesicle with diameter 
little more than double that of a ‘unitary’ vesicle and such a structure would 
hardly be prominent. If, on the other hand, vesicles aggregated linearly to 
produce rod-like bodies, such structures should be obvious amongst the general 
population of ‘unitary’ vesicles. 

It is of interest, therefore, that Robertson (1956) has observed structures 
which he designates ‘elongated vesicles’ in the motor nerve terminals of 
the lizard. If similar structures can be identified in mammalian motor nerve 
terminals it would be tempting to suggest that they represent the multiquantal 
accumulations of transmitter which, on release, produce giant potentials. 

Whatever theoretical interest they may have, giant potentials are of 
considerable practical importance. Undoubtedly they appear to be responsible 
for fibrillation in muscles treated with anticholinesterases. 

Before the present investigation, junctions displaying numerous giant 
potentials were regarded with suspicion and avoided where possible. As a 
result, in most experiments involving the determination of the mean amplitude 
of spontaneous potential populations (Liley, 19566), few giant potentials were 
present to disturb calculations. However, it is obvious that, for a junction 
displaying numerous giant potentials, the modal amplitude of spontaneous 
discharges would be more meaningful than the mean amplitude as a measure 
of the ‘unitary’ potentials. 

Originally junctions displaying numerous giant potentials were also avoided 
in experiments involving the electrotonic polarization of nerve terminals 
(Liley, 1956c). Such a practice was fortunate, for a large stable population 
of giant potentials could seriously distort the interpretation of records—par- 
ticularly with hyperpolarized terminals. Indeed reinvestigation of the records 
of two junctions in which hyperpolarizing currents failed to depress the dis- 
charge frequency to an expected level (Liley, 1956c) showed that a partial 
but not complete ‘correction’ was effected by the deletion of a few giant 
potentials. 

Finally, the occurrence of giant potentials raises the problem of measurement 
of discharge frequencies. For a measure of the rate at which quanta are 
emitted, it is reasonable to count also the quantal content of any giant 
potentials on a record. However, in terms of the motor nerve terminal 


membrane it is possible that a giant potential represents an event in no way 
different from the release of a single quantum. 
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SUMMARY 


1. In the spontaneous discharge of transmitter at the neuromuscular 
junction of the albino rat, large potentials (‘giant potentials’) occur more 
frequently than would be expected from the random coincidence of miniature 
potentials. 

2. The relative frequency of giant potentials varies greatly from junction 
to junction. 

3. Giant potentials consist of summated miniature potentials. 

4. The absolute frequency of giant potentials remains unaltered when the 
frequency of the miniature potential is modified by presynaptic polarization. 

5. It is suggested that giant potentials are produced by the release of 
preformed multiquantal aggregates of transmitter substance. 

6. The practical implications of this phenomenon have been discussed. 


The author wishes to acknowledge the encouragement and interest of Professor J. C. Eccles 
during the course of this investigation. | 
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THE RELATIONSHIPS BETWEEN CONDUCTION VELOCITY 
AND THE DIAMETER AND INTERNODAL LENGTH OF 
PERIPHERAL NERVE FIBRES 


By B. G. CRAGG anp P. K. THOMAS 
From the Department of Anatomy, University College London 


(Received 24 January 1957) 


Measurements of maximum conduction velocity in the lateral line nerve of 
the trout have been made in fishes of different lengths. In this series the 
maximum fibre diameter is not proportional to the internodal length. In the 
peripheral nerves that have been used previously for measurements of con- 
duction velocity, fibre diameter is approximately proportional to the inter- 
nodal length, and conduction velocity was then found to be proportional to 
both these anatomical measurements (Hursh, 1939; and others). 

A possible anatomical situation for separating the influences of diameter 
and internodal length was provided by regenerated nerve where, although 
- diameter is restored (Gutmann & Sanders, 1943), internodes are uniformly 
short (Young, 1945; Vizoso & Young, 1948). In such nerves, Sanders & 
Whitteridge (1946) showed that conduction velocity is only slightly reduced, 
but their conclusion, that this indicates that nodal spacing is of little signifi- 
cance in nervous transmission, is open to criticism (see Huxley & Stampfii, 
1949; Rushton, 1951). 

A further opportunity for the separation of these two dimensions is offered 
by the changes occurring during growth. Anatomical studies have demon- 
strated that the correlation between internodal length and fibre diameter is 
by no means close. Although in adult mammalian and amphibian nerves there 
is approximate proportionality throughout the whole range of fibre sizes 
(Vizoso & Young, 1948; Tasaki, 1953), this is certainly not true of the nerves 
of young animals or when young and adult nerves are compared (Vizoso & 
Young, 1948; Thomas & Young, 1949; Thomas, 1955). The growth rates of 
diameter and internodal length differ considerably. During growth the number 
of nodes on a fibre normally remains constant and change in the distance 
between the nodes of Ranvier is dependent on the amount of increase in 
length undergone by the fibre and therefore on the growth of the part in which 
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the nerve lies (Boycott, 1904; Thomas, 1955). The growth of diameter with 
respect to that of the part in which the nerve lies shows a progressive decline. 
These changes are particularly evident in the lateral line nerve of fishes because 
of the magnitude of the changes that occur and for this reason this nerve has 
been utilized in the present investigation. 


METHODS 


The electronic apparatus used has been described previously (Cragg 1954). A 0-1 uF condenser 
was connected between the recording electrode and the grid of the input cathode-follower. 
A resistance of 100 MQ between this grid and the other input grid (which was earthed) gave a 
time constant of 10s. The rejection ratio against in-phase signals was maintained at more 
than 1000:1 at 1 ke/s. The response of the amplifiers was substantially linear at frequencies 
below 100 kc/s. For measuring the latency of the responses a 10 kc/s marker was derived from 
an ‘Ediswan’ 5 ke/s oscillator by a device which generated a pulse each time the sinusoidal 
output of the oscillator crossed the base line. A 100 ke/s crystal-controlled marker was also 
used in the later experiments. The stimulus output was taken from a radio-frequency isolating 
transformer, and was not connected to earth in any way in some experiments, while in others a 
Wagner earthing potentiometer was used. When using the radio-frequency transformer described 
by Schmitt & Dubbert (1949) it is essential to fit radio-frequency chokes in the heater supply 
to prevent the carrier reaching the amplifiers. A rectangular stimulus pulse of about 0-1 msec 
duration and 10 V amplitude was used to elicit a maximal action potential from the nerve trunks. 

The species of fish used was Salmo trutta. Before dissection the trout were rapidly pithed and 
the brain-stem transected at the foramen magnum. A strip of skin overlying the lateral line 
canal was removed and the nerve, which underlies the canal, exposed. Exposure of the nerve 
was continued to its point of separation from the visceral branch of the vagus, and a ligature 
was placed at this site. A length of 6-8 cm was then gently freed, the distal end ligated, and the 
nerve trunk placed in a saline solution which was oxygenated and kept at 18-20°C. The com- 
position of the saline was: NaCl 0-55, KCl 0-014, CaCl, anhydrous 0-012% (Young, 1933). After 
5 min, spontaneous activity in the nerve trunk had ceased and the nerve was then arranged on 
the electrodes in the recording chamber. 

Three different kinds of recording chamber have been used. The first was a polythene box 
containing saline with fine platinum wire electrodes set in glass rods which were held in variable 
positions by thick lead wires, the nerve and electrodes being dipped in the saline except during 
recording. The second, an array of twelve parallel silver wire hooks, suspended at intervals of 
5mm from a polythene sheet, the wires and nerve being submerged in liquid paraffin during 
fecording, and in oxygenated saline between recordings. Finally, an array of six horizontal 
silver wires set at intervals of 1 om in an insulating tube was used, the wires being almost covered 
in black paraffin wax to give a smooth surface and the tube being closed and perfused with 
oxygen saturated with water vapour at 18°C. In some fish the conduction velocity was measured 
with the nerve in situ, only the ends of the nerve being dissected for stimulation and recording. 
The method of measurement used did not appear to have any effect upon the results obtained, 
and since fishes of various lengths were used with each method, there is little likelihood of syste- 
Matic errors due to the method affecting the result. 

The electrodes were always connected in the order: earth (also connected to one input grid) 
at the extreme end of the nerve, then the recording electrode and the stimulating electrode in 
Various positions but the same order, then the stimulus anode at the other extreme end of the 
nerve. In each experimen‘, the temperature was kept between 18 and 20°C, and the nerve was 
Teversed on the electrodes so that recordings were made of conduction in both the centripetal 
and the centrifugal directions. The direction was not found to affect the conduction velocity. The 
‘Mmplitude of the action-potential spike decreased with increasing distance from the stimulating 
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electrode, mainly because axons leave the nerve trunk at intervals. The gain of the amplifiers 
was adjusted to give approximately constant spike height in the photographs. The amplitude 
of the spike varied from 0-5 to 5 mV. 

At the end of the experiment a portion of the nerve from which recordings had been made 
was attached to a card frame and fixed in Fleming’s solution. Transverse paraffin sections were 
cut at 5 and stained by the modified Weigert method described by Gutman & Sanders (1943). 
The mean values for external and internal diameters of all fibres falling within the largest 1 
group according to external diameter were obtained from measurements made at a magnification 
of x 1000 using a yy in. oil-immersion objective and an ocular micrometer. Readings in two 
directions at right angles were taken, and only fibres of approximately circular outline measured. 
The internodal length was not measured directly since a large number of measurements has 
shown that internodal length is closely proportional to the length of the fish (Thomas, 1955). 
The length of each fish was measured from the snout to the end of the tail-fin. 

The latency of the response has been measured in two ways in each photograph and the results 
kept separate throughout for comparison. First the time from the beginning of the stimulus 
artifact to a point half way up the rising face of the action potential spike was measured and 
referred to as the half-rise time, giving the half-rise velocity. Secondly, the time from the be- 
ginning of the stimulus artifact to the point where a tangent drawn along the rising face of the 
action potential spike intersects the base line was measured, and these measurements are referred 
to as intercept times and velocities. The velocities were found by plotting the latency against the 
conduction distance for each nerve and drawing a straight line by eye as nearly as possible 
through the points, not including the origin. The gradient of this line was taken as the velocity. 
The intercept line was found to pass nearly through the origin for most nerves, while the half-rise 
line intersected the time axis. The half-rise times were of course all longer than the corresponding 
interbvept times, and usually the intercept velocity was slightly higher than the half-rise velocity. 
These measurements were made on oscillograph traces photographed directly on to recording 
paper at full size. In order to check the linearity of the time base and amplifiers as recorded by 
the camera, a time base locked to a blanking marker was photographed at input voltage intervals 


of 1 mV as shown in Fig. 3. The errors in the recording system do not appear to be sufficiently 
serious to affect the result. | 


RESULTS 


The conduction velocity has been measured in 65 nerve trunks including 19 
nerve trunks which contained blocked regions owing to damage in dissection. 
The measurements of conduction velocity in the damaged nerves were made 
over short distances and the results were less reliable. The 46 satisfactory 
measurements are indicated by the larger circles in Fig. 1 and the 19 less 
reliable measurements by smaller circles. It was not found possible to dissect 
an undamaged nerve trunk from a fish of less than 14 cm length. The measure- 
ments are accordingly limited to a fourfold range of lengths of fish and a 
twofold range of diameter of largest fibres. When the intercept and half-rise 
conduction velocities were plotted separately against fibre diameter and length 
of fish the graphs had closely similiar shapes, though the half-rise velocities 
were slightly less than the intercept velocities. Measurements obtained by 
both methods are plotted together in Fig. 1 so that each nerve trunk is re- 
presented by one filled circle and one unfilled circle in each graph. 

At a given fibre diameter or length of fish the conduction velocities encoun- 
tered had a range of + 25% of the average velocity. This variation includes 
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the errors in measuring conduction velocity and in measuring the anatomical 
dimensions, as well as any natural variation in conduction velocity that may 
be possible after diameter and length have been fixed. The anatomical measure- 
ments are plotted separately in Fig. 2 and show a much smaller scatter and a 
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Fig. 1. Conduction velocity plotted against maximum fibre diameter and against length of 
trout. O, oO, half-rise velocities; @, ¢, intercept velocities; in both cases the smaller circles 
represent measurements of less reliability than the large circles. The arrows indicate the 
measurements derived from the records and graphs in Figs. 3 and 4. 
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Fig. 2. Maximum fibre diameter plotted against length of trout for each 
of the nerve trunks used for conduction velocity measurements. 


‘learly non-linear relation between maximum fibre diameter and length of 
trout. 

Repeated measurements of conduction velocity on the same nerve trunk 
‘show a much smaller range of conduction velocities than that seen in Fig. 1. 


“Action potential records are shown in Fig. 3 for the two nerve trunks 
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Fig. 3. Examples of action potential records from two nerves, The vertical lines indicate the 
beginning of the stimulus artifact, the intercept time and the half-rise time. Time marker 
is 10 ke/s in the first column, and 10 ke/s above the line with 100 ke/s below the line in the 
second column. The raster at the bottom of the first column consists of a time base locked 
to a 10 ke/s blanking marker and photographed at input-voltage intervals of 1 mV, to show 
that distortion in the recording apparatus is not serious. 
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represented by the circles marked with arrows in Fig. 1. The duration of 
| the negative spike in the action potential records seldom exceeded 0-5 msec., 

go that temporal dispersion cannot have been important over the conduction 
distances used. The latencies measured from the records in Fig. 3 are plotted 
in Fig. 4, together with the latencies obtained after reversing the nerve trunk 
on the electrodes. The latencies measured before and after reversing the nerve 
trunk are closely consistent, and the errors in determining conduction velocity 
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Conduction distance (cm) 
Fig. 4. Graphs of the latencies of the records shown in Fig. 3 plotted against conduction distance. _ 
The latencies measured after reversing the nerve on the electrodes have also been plotted, 
so that there are two half-rise times (©) and two intercept times (e) for each conduction 
distance. The upper graph shows an intercept velocity of 58-8 m/sec and a half-rise velocity 
of 50 m/sec; the nerve trunk had a maximum fibre diameter of 22 » and came from a trout 
of length 25-5 em; the action potential records are shown in the first column of Fig. 3. The 
lower graph shows an intercept velocity of 83 m/sec and a half-rise velocity of 79 m/sec; 
the maximum fibre diameter was 27, and the fish was 50-5 cm long; the records are in 
the second column of Fig. 3. | 


ould not account for the wide spread of values in Fig. 1. Much of the latter 
Must be due to natural variations of conduction velocity which are indepen- 
dent of the anatomical dimensions measured, and to changes in the nerve 
frunks during dissection. 
2 39-2 


10 C 
0-9 
08 
0-7 
| 
0-5 
04 
03 
0-2 
0-1 
10 
09 
_ 08 | 


612 B. G. CRAGG AND P. K. THOMAS 


DISCUSSION 


The results shown in Fig. 1 indicate that the conduction velocity of the largest 
fibres in the lateral line nerve does not increase proportionately with the 
length of the trout, nor therefore with the internodal length, as the trout grows 
larger. The results may, on the other hand, be consistent with the velocity 
increasing proportionately to the diameter of the largest fibres, especially if 
the results of less reliability obtained on damaged nerves are rejected. 
Although the scatter of the results in Fig. 1 is high, it is comparable with that 
obtained by other authors who have made a sufficient number of measure- 
ments. Tasaki (1953, fig. 65) obtained a similar scatter of conduction velocities 
in individual. axons from the sciatic nerve of the bull-frog. In the latter, fibre 
diameter was found to be approximately proportional to internodal length, 
and the conduction velocity is approximately proportional to both. In the trout 
nerves the fibre diameter and internodal length are not proportional (see 
Fig. 2). It may be then that conduction velocity is proportional to internodal 
length only if the fibre diameter is also proportional to internodal length. 

It can be shown that the theory of saltatory conduction gives no grounds 
for supposing that any single anatomical dimension can determine the con- 
duction velocity. The latter is equal to the internodal length divided by the 
transmission time, or delay between the times at which adjacent nodes reach 
the action-potential threshold. Assuming that the properties of the membrane 
are constant, the transmission time is determined effectively by the resistance 


of the axon and the capacity of the inactive node, and also by the distributed © 


resistance of the axon and the distributed capacity of the myelin sheath, 
(see Tasaki, 1953). The anatomical dimensions determining these quantities 
are the axon and fibre diameters, the internodal length and the area of the 
nodal membrane. An explicit expression for the contribution to the trans- 
mission time made by the nodal capacity and the axonal resistance can be 
obtained in terms of the anatomical variables. The contribution to the trans- 
mission time made by the distributed resistance of the axon and the distributed 
capacity of the myelin sheath cannot be expressed explicitly in terms of the 
anatomical dimensions. The solution to the problem of applying a transient 
to a distributed impedance is obtained as a sum of terms involving Bessel 
functions, and numerical values of the resistance and the capacity would be 
required to calculate a numerical value for the transmission time. The capaci- 
ties and resistance, however, involve one unknown constant each in addition 
to the measurable anatomical dimensions. Conduction velocity cannot there- 
fore be expressed directly in terms of the anatomical variables, either by 
calculation or by the construction of model impedance networks. 

Rushton (1951) has shown that if certain geometrical similarities were to 
occur among nerve fibres of different sizes, then the conduction velocity would 
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be proportional to the internodal length. Of the two geometrical conditions 
required, one at least, namely that relating internodal length to fibre and 
axon diameters, does not obtain in the wide range of dimensions found in the 
lateral line nerve of the trout, although in adult mammalian nerves there is 
approximate compliance with the required relationship. There are at present 
no measurements of the dimensions of the nodes of Ranvier in the trout with 
which to test the second condition relating nodal area to axon diameter and 
internodal length. Hess & Young (1952) have pointed out in connexion with 
their mammalian measurements that the extent of the active membrane at a 
node is unknown. Rushton’s special case is not therefore of universal occur- 
rence, and one consequence is that the time taken by a nerve impulse to traverse 
the peripheral part of a reflex arc may vary with growth during the life-time 
of the fish. This result has in fact been shown for human nerves by Wagman & 
Lesse (1952) and Wagman (1954). 


SUMMARY 


1. Measurements of maximum conduction velocity have been made in the 
lateral line nerve of the trout in fishes of different lengths. 

2. Maximum fibre diameter is not linearly related to internodal length in 
this series of nerves. Measurements have been made with a fourfold range of 
internodal lengths, and a twofold range of fibre diameters. An opportunity 
was thus provided for separating the influences of these dimensions on con- 
duction velocity. 

3. Maximum conduction velocity was not found to follow the internodal 
length of the largest fibres in the nerve. The measurements are compatible 
with conduction velocity — proportional to fibre diameter, but are not 
conclusive. 

We wish to thank Professor J. Z. Young for helpful advice, and Mr R. H. Ansell for technical 
assistance. 
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RETINAL PHOTOPIGMENTS IN THE ALBINO RAT 


By D. M. LEWIS* 
From the Physiological Laboratory, University of Cambridge 
(Received 29 January 1957) 


In recent years a number of workers have made studies of visual pigments 
in vivo by measuring the changes which occur in the amount of light reflected 
from the fundus oculi in living animals during the bleaching or regeneration 
of the pigments. Brindley & Willmer (1952) were the first to make quantitative 
measurements of this type in man. The methods have been improved since 
as described by Rushton, Campbell, Hagins & Brindley (1955), Campbell & 
Rushton (1955) and Rushton (19564) in man and the albino rabbit, also by 
Weale (1953, 1955) in the cat and other animals using a different technique 
for measuring the reflected light. 

The present measurements were made upon rats by a method similar in 
principle to that described by Rushton (1956). Light reflected from the 
fundus oculi in various states of light and dark adaptation was measured by 
| @ photocell and the change in intensity due to differences in rhodopsin 
| density was recorded. This was distinguished from intensity changes of in- 

strumental origin by comparing the measurements in red light, which must 

be unaffected by the rhodopsin density since rhodopsin is transparent to 
red. 

One object was to measure the maximum density and the difference 
Spectrum in the eye of the living rat. Extracts of rats’ retinas have already 
been studied by Wald (1938), Collins & Morton (1950) and Crescitelli & 
Dartnall (1953), and the spectral sensitivity of the rods has been measured 
by Granit (1941) using his micro-electrode technique. It seemed interesting H 
to compare these results with rhodopsin measurements in vivo as has already 
been done for the cat by Weale (1953) and for man by Rushton (1956a, db). 

With all measurements of the density of visual pigments made by opthalmo- 

 Sopic techniques we must face the question: ‘Does the light which passes 
twice through the retina suffer the same absorption at each passage?’ If so, 
the density of the pigment will be half the double density measured. But we 
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know too little about the inward, and still less about the return, pathway to 
be able to say confidently that the two paths are the same, or if not, which 
offers most absorption. The excised eye of the albino rat, however, provides 
a direct answer, for the choroid and sclera are so translucent that a photocell 
placed behind the eye can measure the change in transmissivity on bleaching 
while the ophthalmoscopic arrangement measures the reflectivity change. 
Since the first involves one transit of the retina and the second two, the 
relative absorptions may be evaluated. This work has already been briefly 
presented (Lewis, 1956). 


METHODS 


The rate used were mostly males weighing 200-300 g, anaesthetized with 7-5 ml. of 25% urethane/kg 
body wt. given subcutaneously, with further small doses as required. They were atropinized 
(0-2-0-3 ml. 10% (w/v) atropine sulphate per rat) and a tracheal cannula inserted. They were 
kept warm (rectal temperature 37—38° C) on a heated box. 

The heads of the animals were fixed in a holder based on one described by Beattie (1952). The 
holder (Fig. 1) provided three-point attachment to the head, with the incisor teeth (7) and with 
two metal, pointed ear plugs (1) held together with a wire and pushed firmly into the external 
meatuses. Attached to the Bakelite base board (2) were two vertical pillars (3, 4), threaded to 
receive screws (5, 6) which fitted into the hollowed-out ends of the ear plugs. One screw (5) was 
short and fixed tightly into the pillar (3) being flush with its outer side; this was the side of the 
eye on which observations were made and such an arrangement presented no obstruction to the 
light entering the eye. The other screw (6) was long (and threaded through a broad pillar (4) 
to obtain maximum stability) and could be screwed in until both ear plugs were firmly held. 
The third point of attachment was a small vice (7) notched to receive the upper incisors and tightly 
clamped on them. This was mounted upon the base board through two stages each slotted (8) 
to permit movements sideways and forwards respectively. Thus the tooth clamp could be moved 
in two dimensions to allow for variations in head sizes, and clamped in the correct position. 

The whole base board was screwed down (9) on to the metal top of the heating box which sup- 
ported the rest of the body. Thus the board (and head) could be rotated to change its angle to 
the direction of the measuring light. The heating box top was set an an angle of 45° to the hori- 
zontal so that rotation of the head about its horizontal axis brought the optical axis of the eye 
into a horizontal plane suitable for the measuring apparatus. 

The holder was adaptable and easily adjusted to different animals but once set up the head 
was rigidly fixed. Eye movements relative to the head were reduced to a minimum by the deep 
anaesthesia used. 

A small glass hemispherical contact Jens, filled with Ringer—Locke solution, was placed on the 
front of the eye to correct for irregularities of the corneal surface. This further served to keep 
the cornea moist and to hold back the eyelids. Drops of atropine (10% solution) and cocaine 
(4% solution) were previously placed in the eye to reinforce the injected atropine in its effect of 
dilating the pupil. 

For the experiments on isolated eyes, the rats were dark-adapted during the night and, after 
atropinization, killed with a large dose of urethane injected intraperitoneally, draining the head 
of blood. During this operation the head was covered by black cloth. Then, working in deep 
red light, the eyeballs were removed, cleaned, and finally mounted between two glass cups 
(similar to the corneal glass) filled with Ringer—Locke solution. The cups were cemented into 
holes in two metal plates, which were screwed together and fixed in the measuring apparatus. 
No special precautions, other than keeping moist, were taken to maintain the eyes in good con- 
dition, but the measurements were taken quickly and at the end of each experiment the eye was 
examined to see that it had remained clear. If not, the result was rejected. In most cases after 
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the short period of the experiment (15-20 min) the eye media remained clear and the eye appeared 
normal to direct observation, save that there was some shrinkage and contraction of the pupil 
probably due to the loss of intra-ocular fluid. If left for longer periods, opacities developed in 
the eye media, especially the lens, but these were seen in only a few of the eyes examined im- 
mediately after an experiment. 


2 


Fig. 1. Holder used for immobilizing the rat's head shown in plan. Inset, side 
view of the tooth clamp. For description see ‘Methods’. 


Method of measurement 

Briefly, the light which fell upon the retina flickered between red and some other wave-length 
at which measurements were to be taken (say green). The light after reflexion from the fundus 
was measured by a photomultiplier tube. 

The intensity of the green light reflected depended on the amount of rhodopsin in the retina. 
That of the red light was independent of rhodopsin but could be varied by a neutral density 
photometric wedge. The wedge was set so that the currents produced by the two component 
lights in the photocell became equal. A change in the density of rhodopsin required a new wedge 
» setting to regain a balance—the change in wedge density was then equal to the change in rho- 
‘dopsin density to the green light. 

The two flickering components had each a sinusoidal time course and a phase-sensitive rectifier, 
described by Rushton et al. (1955), was employed to exclude extraneous light and other noise 
and to determine the balance point accurately. 

The apparatus used to produce light flickering between red and various other monochromatic 
lights was different from that used by Rushton (1956a, 5). It is shown in Fig. 2 and described 
below. 


Apparatus 
- ‘The source of light (J) was a 6 V 18 W straight, coiled filament car headlamp bulb run from a 
_ Mains transformer and housed in a light-proof metal cylinder with a vertical exit slit opposite the 
filament. 
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The beam of light passed through a heat absorbing filter (¥,) and a polaroid (P,). The polaroid 
was mounted in @ ball-race driven by an electric motor controlled by rheostat. A lens (L,) 
rendered the beam of light parallel, whence it fell on a sheet of plain glass (@,) which split the 
beam into two. Finally the two beams were combined into one by a second plate (@,), the recom- 
bined beam being focused by L, on to the corneal lens forming an image of the filament. Great 
care was taken in adjusting @, and G, so that the two beams were recombined exactly, forming 
only one filament image on the corneal lens. @, was set at the polarizing angle so that the reflected 
light contained about 25% of the incident light polarized entirely in the vertical plane. Thus 
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Fig. 2. Diagram of the apparatus used for measuring visual pigments: not to scale. 
For description see ‘Methods’. 


as the polaroid P, rotated, the intensity of this reflected beam varied sinusoidally. The light 
passed through a neutral density wedge (W) and was reflected from a mirror (M) surface-silvered 
(so as not to affect its polarization) through a red filter (F,) on to G,, where again about 25% 
was reflected. An additional neutral density filter could be included at NF,. The ‘red’ filter 
was usually an interference filter, with peak transmission at 618 my, with an accessory Ilford 
204 gelatine filter. If more light was required (as in the experiments on isolated eyes) an Ilford 
205 filter was used that transmitted all light of wave-length greater than 620 my and some light 
between 600 and 620 mu. 

The light transmitted by G,, which was partly polarized in a horizontal plane, was made 
completely polarized by a polaroid P,. It was reflected by a second surface-silvered mirror (M,) 
on to G, where it was completely transmitted. An interference filter (plus an accessory filter where 


4 
ve 
the cer 
 -wave-le 
5 whit 
of the 
| the sig: 
was su 
4 
| The 
q enteri 
betwee 
The 
The 
F tube, ¢ 

could 
q 
S, w 
coincic 
4 but 

| stops. 
In ¢ 
| choroic 
| 
Fig 
In eac 
the s 
result 
their 
bleac 
"Were 
/prese 
q when 
error 
pre pe 
= fy 


RAT RETINAL PIGMENTS 619 


necessary) was put in this beam together with neutral density filters (F, and NF,). This beam 
was very much stronger than the reflected one and a neutral density 2 filter had to be used in 
the central region of the spectrum, though none was needed at the far ends—light of longer 
wave-length than 618 my could be used in order to check how much absorption occurred at 618 my. 
A white bleaching light was made by using this beam after removal of the filters. The principle 
of the phase-sensitive rectifier demands that a comparison sine wave be supplied in phase with 
the signal, in terns of which the signal is accepted and ‘noise’ rejected. This comparison wave 
was supplied by a second photocell (PC,) which received a little light from the main beam re- 
flected in the mirror (M,) adjusted for phase by the polaroid (P,) and for intensity by the triangular 
slit (S,). 

The large diagonal screen (Sc) stopped light scattered by the holders of filters, etc., from 
entering the main beams. All the holders were painted matt black and the whole apparatus 
between L, and L, enclosed in a blackened box. 

The Maxwellian lens L,, stopped down by S,, formed a uniformly illuminated patch on the 
retina. The light reflected back was caught by a silvered cover-slip (M,) fixed with one edge 
touching the corneal lens and the edge of the filament image. It was set at 45° to the light beam 
and covered half the pupil, the other half being filled with the magnified image of the filament. 
These are the optimal conditions for collecting light reflected from the fundus. 

The retinal light reflected in M, was focused by a short focus lens (L,) into photomultiplier 
tube, 931A (PO,). In the pathway two stops were placed. S, was in the plane of the image of 
the retina; it has a hole the same shape but smaller than the image of the illuminated retinal 
patch and was centred on that image. This prevented light from other parts of the retina 
reaching the photocell. The position of the head was usually arranged so that the illuminated 
patch did not include the optic disk (identified as the origin of blood vessels) but if this 
could not be done satisfactorily a piece of ‘ Plasticene’ was put over the image of this spot. 

8, was in the plane of the image of the half pupil covered by M,. The stop was a semicircle 
coinciding with this image, thus permitting the passage of all the fundal light reflected in M, 
but excluding light scattered by the iris or mirror edge. Light reflected from the opti¢al surface 
(e.g. cornea or lens) could be seen as bright sources of light and seen to be excluded by these 
stops. 

In addition to this, when isolated eyes were used, the light transmitted by the translucent 
choroid and sclera was focused by L, on to a second photocell (PC,). In this case a stop (S,) 
was placed immediately behind the eye with a pin-hole aperture corresponding to the illuminated 
patch of the retina. This cut off oblique rays of light. 


RESULTS 
Difference spectra 

Fig. 3 shows the difference spectrum obtained from intact anaesthetized rats. 
In each experiment readings were taken at a number of wave-lengths, repeating 
the series two or three times. Unless the sets agreed reasonably well the 
results were rejected (usually any small discrepancies were consistent with 
their being due to slight bleaching by the measuring light). The retina was 
bleached with white light for 20 sec, after which further series of readings 
were taken to obtain the difference spectra. In Fig. 3 the vertical bars re- 
present the standard error of the mean (derived from eight experiments) 
when the results had been scaled to coincide at 530 mu. Where no standard 
error is shown the points show the results of a single experiment where the 

preparation was sufficiently stable to allow readings at twelve wave-lengths 
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instead of the usual six. An interrupted line is drawn freehand through the were t 
points. The smooth curves show the difference spectrum of a solution of includ 
frog’s rhodopsin measured 8 min after bleaching (Wald, 1938, Fig. 3A). All more 
the curves and experimental points are scaled at 530 my where it was con- | prevel 
sidered that there would be little absorption by possible bleaching products. | amalle 
Fig. 4 shows difference spectra obtained in isolated eyes measuring both the int 
the transmitted and the reflected light before and after bleaching. Ten eyes occur! 
parati 

4; each 1 


Absorption 


400 425 450 475 525 550 575 600 625 


, Wave-length (my ) 
Fig. 3. Difference spectra: ——., frog’s rhodopsin (Wald 1938); @ —-—-—@, intact rat’s retina, 
the vertical bars show +8.&. of the mean. All scaled at 530 my. 


oh 
/ 


Wave-length (my ) 
Fig. 4. Difference spectra of rat's visual pigment: ©, measured by reflected light, and @, by 
transmitted light in the isolated eye, vertical bars show +8s.z.; --—-, by reflected light in 
the living animal (from Fig. 3). All scaled at 488 my. 
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were used and measurements made at three or four wave-lengths in each, 
including a reading at 488 mp in every eye. It was inadvisable to measure 
more than four wave-lengths on one excised eye as speed was essential to 
prevent opacity developing. Moreover, since the excised eye had a much 
smaller pupil than when intact, the amount of light reflected was less, hence 
the intensity of the measuring light had to be increased and too much bleaching 
occurred to take a long series of readings. The stability of these excised pre- 
parations compensated for this in that only two readings had to be taken at 
each wave-length. The results are scaled at 488 mu and compared with those 
in living animals (the broken line in Figs. 3 and 4). 


Maximum density 
Anaesthetized animals were dark-adapted for 6-8 hr in the apparatus or 
set up in red light after remaining in the dark during the night. On bleaching, 
the wedge change was found to be between 0-37 and 0-40 density units in 
most cases at 488 mu when the control wave-length was 662 mu. The retinal 


_ density corresponding to this change is discussed below. 


In isolated eyes measurements were made by transmitted and reflected 
light at 488 my in twenty eyes. The experiments may be divided into two 
groups; in ten eyes readings were taken at only the wave-length 488 my and 
in the other ten at three or four wave-lengths (these are the ten described 
above in the section on difference spectra). This division has been made since 
the results of the first group show greater consistency, the mean ratio of 
density by reflected light to that by transmitted being 1-87 (s.z. + 0-03). 
In the second group the mean was nearly the same (1-85) but the scatter 


greater (s.z. + 0-08). 


DISCUSSION 


_ Inall measurements of visual pigments by ophthalmoscopic densitometry there 
arise two difficulties in interpretation. The first is how much of the ‘double- 
density’ measured is due to absorption of the ingoing light and how much to 


that of the outgoing. The second is how much of the light returned to the 
photocell has not been twice through the visual pigment of the retina. This 
stray light dilutes the signal and makes the pigment density appear less. 

A great advantage of the measurements by transmitted light in the excised 
albino eye is that practically all the light received upon the photocell has 
passed once through the retina, so the above difficulties are less serious. 


_ Measurements by transmitted light, therefore, provide a standard by which 


the simultaneous measurements by reflexion may be assessed. In the ex- 


- periments it was found that the ratio of the ‘double-density’ by reflexion 


to the ‘single-density’ by transmission was 1-87. This is consistent with the 


p but the reflected signal contained some 7% of stray light. 
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The difference spectra measured by transmitted and reflected light (Fig. 4) 
are in reasonable agreement. The standard error is rather large because only 
a few observations contribute to each measurement, but the two difference 
spectra coincide except at wave-length 441 my. That is a light which is strongly 
scattered in the eye media, but poorly reflected from the fundus, so the low 
value of rhodopsin density by reflexion at this wave-length is to be expected. 
On the whole, the two spectra from the isolated eye show a good agreement 
not only with each other but also with the results from the living eye (broken 
curve Fig. 4) and from rhodopsin solution (Fig. 3) for wave-lengths greater 
than 488 my. 

Maximum rhodopsin density 

The maximum change in ‘double-density’ on bleaching eyes which had 
been in the dark for a very long time was 0-4 unit at 488 mp wave-length. 
Now the relation between true density (of transmission) and the ‘double- 
density’ (of reflexion) was shown earlier to be 1/1-87, so the maximum density 
difference of rhodopsin is 0-21 at 488 my. It has been seen that the results 
of Fig. 3 coincide well with those of Wald (1938), where the difference spectrum 
of purified rhodopsin solution was measured about 8 min after a rapid bleach. 
So, despite the fact that he was investigating frog’s rhodopsin, we shall not 
be far out in accepting his density figures. From Wald’s curves one can read 
off the initial rhodopsin density which would be required to produce at 
488 my the difference of 0-21 which was found in the rat’s eye. The initial 
density (at 500 my) must have been 0-32, so that more than 50% of green 
light falling upon the retina is absorbed. 

The amount of rhodopsin which can be extracted from the dark-adapted 
rat’s retina is also described in this same paper (Wald, 1938). If spread uni- 
formly over the retinal surface it would absorb 13% of incident green light, 
which corresponds to a mean density of 0-06. This formal way of expressing 
the amount of rhodopsin present gives a figure very much less than the actual 
density of the rhodopsin in the central region of the retina, for the orientation 
of rhodopsin molecules in the rods (Schmidt, 1937 ; Denton, 1954), the funnelling 
of light from inner to a narrower outer segment (Rushton, 1956a,b), and the 
poverty of rhodopsin at the periphery of the retina must be taken into account. 
These factors, taken together, would probably raise Wald’s formal figure of 
0-06 to about 0-2 for the actual rhodopsin density of the central region of the 
retina, where in the present paper it has been found to be 0-3. A similar 
2:3 discrepancy has been noted by Denton & Wyllie (1955) in the frog and 
by Rushton (19566) in man. 
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SUMMARY 

1. Methods are described for measuring photopigment densities and 
difference spectra in the intact and excised eyes of the albino rat. 

2. In isolated eyes the ratio of densities by reflected and transmitted light 
is 1-87/1, which is consistent with the density to the double passage through 
the retina taken by the reflected light being exactly twice the density in the 
- path of the transmitted light but diluted by 7% of stray light. 

The difference spectra are similar in the two cases save in the blue, where 
- stray light has the strongest effect. 

3. The difference spectrum im vivo has a maximum at 505 my compared 
with 497 my obtained in extracts. The measurements in vivo, however, were 
taken some 5 min after bleaching. When these are compared with the dif- 


- ference spectrum of (frog’s) rhodopsin at a comparable interval the results 
are similar. 
4. At the maximum 50% of the light incident on the retina is absorbed. 
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REGENERATION OF RHODOPSIN IN THE ALBINO RAT 


, By D. M. LEWIS* 
From the Physiological Laboratory, University of Cambridge 


(Received 29 January 1957) 


Regeneration of rhodopsin in the living eye has only been measured by a few 
investigators and until recently only one method was available. Animals 
were exposed to bright illumination, then placed in the dark, and at various 
times later killed. The retinas were carefully dissected out in dim red light, 
all extractable rhodopsin taken up in digitonin solution and the density 
measured by the usual techniques. In this way the completeness of the 
preliminary bleaching could be verified by the results of immediate extraction, 
and the degree of subsequent regeneration measured from extractions made 
after various periods of dark adaptation. The labour and care required were 
very great, and the consistent results of Tansley (1931), Zewi (1939) and 
Peskin (1942) speak highly for their skill. 

The opthalmoscopic method of measuring rhodopsin in the living eye permits 
continuous records to be taken of the course of bleaching and regeneration 
(Rushton, Campbell, Hagins & Brindley, 1955), so the effects of various 
factors may be readily followed. The present paper describes the action of 
light and of temperature change upon the regeneration of rhodopsin in the 
albino rat. This animal was used partly because regeneration had been studied 
not only in vitro but also in the living animal by Tansley and partly in the 
hope that the rat would prove a robust animal, easily controlled and suitable 
for such investigations. This hope was not fulfilled, mainly because regeneration 
was slow, requiring over 3 hr to near completion. Thus most experiments 
required at least 5 hr and it was found difficult to keep the animals stable 
(or even alive) for this period, for they had to be kept in the dark and covered 
(save for the hind limbs), and it was not easy to observe adequately their 
general condition. The results are therefore based on a rather small number 
of completely successful experiments, but they are substantiated from the 
partial evidence of a larger number of incomplete experiments. Methods are 
the same as those described in the previous paper. 


* Present address: London Hospital Medical College, Turner Street, London, E. 1. 
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RESULTS 


Figs. 1 and 2 are examples of experiments in which the rhodopsin density 
to reflected light was followed during regeneration in the dark after completely 
bleaching the retina with white light. The values given show the double 
density without correction. After several hours when the density was showing 
no further substantial change the retina was again completely bleached. All 
measurements were compared with a wave-length of 618 mu. Three readings 

were taken in light of 488 my at each point and the vertical bars are drawn 


5 
> 
j 
Time (hr) 
_ Fig. 1. Time course of regeneration of rhodopsin in the dark after complete bleaching of the 
’ retina with white light; ——, measured at 488 my, vertical bars show extremes of three 
readings; O——O, at 575 my; both compared with 618 my. The readings are uncorrected 


wedge changes. 


_to show the extreme values of these three. During the later part of the 
_ experiment measurements were also made in light of 575 my (circles). Fig. 1 
is one of the best experiments, while Fig. 2 is among the worst from which 
it was possible to obtain any results. Fluctuations occur in both the curves 
of Fig. 2 making the estimate of the actual density at any particular time 
uncertain, but even here the maximum amplitude of fluctuations is 0-06 
‘density unit. A better estimate is possible in Fig. 1, where the fluctuations 
are less (0-05 unit) and more regular, and deviation from the smooth curve 
_Tarely exceeds 5% of the maximum rhodopsin density. 

_ It is important that no great changes in reflectivity should occur from- 
auses other than changes in rhodopsin density. When at any time in the 
40 PHYSIO. CXXXIV 
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course of an experiment all the rhodopsin is bleached away, for instance, the 
wedge reading should return to its initial value, as it is seen to do at the 
final bleach of Figs. 1 and 2. Often, however, there was a drift of base line 
which made the experiment useless. Since the reflectivity in the albino eye 
is dependent upon the blood content of the choroid, and alters greatly when 
this is drained at death, it seemed possible that some of the fluctuations which 
are seen in Figs. 1 and 2 might be from this cause. In that case the change 
would be in the same sense and of far greater extent if the reflectivity were 
measured at a wave-length of 575 my where haemoglobin absorbs strongly. 
The circles in Fig. 2 seem to support this interpretation. But in Fig. 1 they 
show fluctuations in the reverse sense and so blood changes cannot be the 
explanation here. 
White light 


J 
6 


Time (br) 
Fig. 2, Dark regeneration in another experiment. Symbols as in Fig. 1. 


In the more stable experiments (as Fig. 1) it was found that regeneration 
was linear for some 3 hr at a rate which varied between 0-08 and 0-13 log unit/hr 
(in Figs. 1 and 2 about 0-1 u./hr). In unsatisfactory preparations the rate 
often fell as low as 0-03 u./hr, but this was in animals showing gross fluctuations 
in the regeneration curves and usually exhibiting excessive tracheal mucous 
secretion leading to respiratory difficulty and early death. The maximum 
rhodopsin density reached was that of Fig. 1, 0-38 density unit. Other animals 
(including rats dark-adapted during the night and then set up with a minimum 
of bleaching) showed densities in the range 0-32-0-36. 

Regeneration in the wnanaesthetized rat was measured by atropinizing the 
eyes and then holding them in the bleaching light for some 30 sec. They were 
then kept in the dark for various periods at the end of which they were killed 
with a large intraperitoneal dose of urethane and set in the apparatus with a 
minimum of bleaching. 
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Animals killed immediately after the light-adaptation had rhodopsin 
densities from 0 to 0-01 u., showing the bleaching to be complete, After 3 hr 
in the dark the mean density was 0-25 (s.z. + 0-01, °% results) which represents 
60-80% of the maximum density found. 

The effect of light on regeneration was tested by experiments of which 
Figs. 3 and 4 are representative. The animal was dark-adapted and then a 
monochromatic light of moderate intensity was allowed to fall on the retina, 
bleaching it. Eventually the rhodopsin density fell to a level where the rate 


469 my 
| N.D. 1% 
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Change of wedge density (log units) 
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Time (hr) 
_ Fig. 3. Rhodopsin density measured at 517 my, compared with 618 mp. Symbols as Fig. 1. 
Density followed during dark regeneration and bleaching with a moderate light of 469 my 
wave-length at two intensities; N.D. neutral density filter. For further description see text. 
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Fig. 4. Rhodopsin density measured at 517 mp, as Fig. 3, but bleaching with a light 
of wave-length 517 my. For further description see text. 
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of bleaching was equal to the rate of regeneration and the density remained 
constant. At this stage the rhodopsin was either bleached entirely or (as in 
Fig. 3) the intensity of the monochromatic light was increased to a new value 
and a second equilibrium was reached. Sometimes a third intensity was 
used before complete bleaching. In these longer experiments the retina was 
usually allowed to remain partially adapted at the beginning so as not to 
prolong the duration unduly; there was no check on the base line retinal 
density here but the results were in agreement with other complete experi- 
ments. The interpretation is discussed below. 


517 


White light 


(log units) 


Wedge density change 
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2 3 4 5 6 7 


Time (hr.) 
Fig. 5. Rhodopsin measured at 517 mp while bleaching with light at 517 my; O, rectal tem- 
perature; — —, density at which bleaching and regeneration would come into equilibrium 
at the given intensity, estimated from previous experiments. 


Rectal temperature 
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The animals so far considered were maintained with a rectal temperature 
between 37 and 38° C, but if they were not heated the temperature fell in an 
hour or so to 28° C, thereafter falling more slowly. Thus two rectal temperatures 
some 10° C apart could be maintained and presumably the temperature of the 
eyes showed a similar difference, if not the same absolute values. Thus it was 
possible to find the rate of regeneration in the dark at normal body temperature, 
to bleach and to measure it again after the temperature had fallen by ten 
degrees. Ideally a third rate would have been found after bringing the body 
back to normal temperature to eliminate any progressive changes that might 
be altering the rate, but unfortunately none of the rats withstood the process 
of reheating under conditions possible. Two successful experiments were done: 
in one it was found that the rates were very nearly equal at the two tem- 
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peratures, and in the other a fall of 10° C decreased the rate by 20%. The 
effect of temperature was tested in a second way (Fig. 5). The rat was allowed 
to ‘dark-adapt’ and then exposed to a steady bleaching light until equilibrium 
was reached. At this stage the heater was switched off and the rhodopsin 
density followed as the temperature fell. In the three successful experiments 
the final equilibrium was at about the same level as at normal body temperature 
(a halving of the rate would result in a halving of the equilibrium density). 
It was observed in every experiment that as the temperature was falling there 
was a rise in the retinal density before it finally settled to its equilibrium level 
as the temperature reached its minimum. The nature of this rise was not 
investigated; it might have been increase of rhodopsin or of blood. Thus a 
fall of 10° C does not cause a marked fall in the rate of regeneration. In one 
of the three experiments the reduction was 20%, and 10% either way was 
found in the other two. 
DISCUSSION 


Innearity of regeneration rate 


_ The initial linear rise of rhodopsin density has been found in other animals: 


Zewi (1939), in the frog; Weale (1953), in the cat; Rushton (1953) and Rushton 


_ dal. (1955) in the rabbit. But in others (Rushton e¢ al. 1955) in man, there 
is an exponential regeneration of rhodopsin which Tansley (1931) also re- 
ported in the rat. Fig. 6 shows three curves obtained in the rat by the method 
_ of this paper compared with Tansley’s results, scaled to 100% at the maximum 
_ density. There is a significant difference between the two sets: not only do 
_ Tansley’s results show an exponential rise but, expressed in percentage of 


— 


Percentage of maximum density 


0 1 2. 3 4 5 6 7 8 
Time (hr) 

Dr. 6. Time course of dark regeneration. Curves are those obtained in three anaesthetized rats 
(— and — — being Figs. 1 and 2 smoothed); vertical bar, range of regeneration in unanaes- 
thetized rats; O, x, Tansley’s (1931) results in rats. All scaled to 100% at maximum 
density. 
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maximum per hour, they are faster. It seemed possible that the anaesthetic 
applied throughout the regeneration period in my experiments might account 
for the difference, since in Tansley’s technique regeneration occurred in normal 
animals. But when Tansley’s conditions for regeneration were adopted and 
the rhodopsin measured (by the opthalmoscopic technique) after 3 hr of 
dark-adaptation, the result (single point I, Fig. 6) still fits my results rather 
than Tansley’s. | 
Effect of light 

The rate at which rhodopsin is bleached must be proportional to the in- 
tensity of the light and to the proportion of it absorbed by rhodopsin. That 
is to say, the rate is nearly proportional to the product of intensity and 
rhodopsin density. But since regeneration is occurring all the time, the actual 
rate of change observed is the difference of these two processes. An important 
question arises whether the regeneration rate in these circumstances is the same 
as that seen when the eye is left in the dark (cf. Fig. 1) or whether the presence 
of light or of new photoproducts causes regeneration to occur at quite a different 
rate. The observations of Figs. 3 and 4 throw light upon this question. 

In Fig. 3 bleaching with the first light comes into equilibrium with the 
regeneration process at level A. The light was then increased 2-5 times and 
further bleaching took place. Clearly this light will bleach at the former 
equilibrium rate when the density has been reduced 2-5 times. That level is 
shown at B for AO/BO=2-5. It will be seen that in fact the second bleach 
comes into equilibrium very close to level B, consequently the regeneration 
rate which balances the bleaching at A also balances it at B. This is what we 
should expect if the regeneration were simply the dark regeneration process, 
for Fig. 1 shows this to be linear, so that the rates at levels A and B are the 
same. It has yet to be seen, however, whether the regeneration in the light has 
the actual value corresponding to the slope of the dark reaction. 

Now, since the regeneration at level B is the same as at A, it is presumably 
also the same at 2B, where the density is twice that at B. But at B the bleaching 
was exactly neutralized by regeneration, hence at 2B bleaching overcomes 
regeneration at a rate equal to that of the regeneration itself. The rate of 
regeneration in the light is thus equal and opposite to the slope of the curve 
at 2B, and the same applies to slopes at 2A (Fig. 3) and 2C (Fig. 4). If then 
regeneration in the light is the same as regeneration in the dark, these slopes 
should be equal and opposite to the dark regeneration lines plotted during 
the first part of each experiment. Now in Figs. 3 and 4, the lines drawn from 
the curve at levels 24, 2B, 2C have been given slopes downward equal to 
the dark regeneration curve upward, and it is seen that they are not far from 
being tangents to the curve. The measurements are not accurate enough to 
justify precise conclusions, but they go some way to support the idea that 
physical bleaching simply adds to the dark regeneration process. 
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The bleaching lights used were monochromatic bands of wave-length 517 
and 469 my (to affect chiefly either rhodopsin or its photoproducts). In all 
cases the regeneration rate appeared to be about equal to the dark regeneration, 
whatever the colour and intensity of light used, or the stage of bleaching 
studied. 

Effect of temperature 

Some information as to the nature of this linear regeneration is given by 
the fact that the rate in light or darkness is almost unaffected by a change 
in temperature of 10° C. That would be very surprising if the rate were limited 
by any of the balanced chemical reactions so clearly defined by the recent 
studies of Hubbard & Wald (1951). It would seem that some essential 


_ ingredient must diffuse from the blood or elsewhere, and for some 3 hr the 


scarcity of this supply limits regeneration. When about three-quarters of the 
total rhodopsin has been formed, however, the rate gradually slows down, 
and presumably it is now limited by other factors. 


SUMMARY 
1. Visual purple regeneration has been followed under various conditions 
in the albino rat after complete bleaching. 
2. Inthe dark regeneration is initially linear at a rate of 0-08—0-13 log unit/hr 
(density to double passage). After 3~4 hr the rate decreases and more slowly 


| reaches the maximum. 


3. The rate is approximately the same in unanaesthetized rats. — 
4. Light of wave-length 517 my or 469 my does not affect the rate. 
5. A fall of 10° C in body temperature causes a drop of 10-20% in the rate 


: of regeneration in the dark or light. 
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TRANSFER OF WATER AND SOLUTES BY AN IN VITRO 
INTESTINAL PREPARATION 


By D. H. SMYTH ann C. B. TAYLOR 
From the Department of Physiology, University of Sheffield 
(Received 5 February 1957) 


The concept of an active participation of the intestinal mucosa in water 
absorption from the intestine was probably first definitely formulated by 
Heidenhain (1894), who spoke of the ‘physiologische Triebkraft’ of the 
intestine. Since then much evidence has been put forward both for and 
against this view. In recent years work with im vitro intestimal preparations 
has made possible a new approach to the problem, and Fisher (1954, 1955) 
showed that water transport in such a preparation was dependent on the 
presence of glucose, and relatively independent of hydrostatic and osmotic 
forces. The present paper describes the application of a new type of im vitro 
intestinal preparation to the problem, and supports the concept of an active 
participation of the intestinal mucosa in water transfer. Preliminary accounts 
of the results have been given by Smyth & Taylor (1954, 1955, 1956). 


METHODS 


The preparation consists of three isolated segments of rat small intestine, through the lumen of 
which a saline solution is circulated. The apparatus used is very similar to that described by 
Wiseman (1953), as modified by Smyth & Whaler (1953a). It differs from these in that there 
is no outer fluid bathing the serosal surface of the intestine. The arrangement is shown in Fig. !. 
The part of the apparatus carrying the intestine is supported by a ground glass joint (A) in a 
vessel containing air or oxygen instead of saline. This in turn is enclosed in an outer jacket (B) 
through which warm water car be circulated, so that the whole preparation is maintained at 
38° C. The fluid transferred appears as small droplets on the serosal surface of the intestine, and 
is ultimately collected in a graduated tube. The circulation of fluid through the intestinal lumen 
is maintained by a gas lift, and for this gas lift a mixture of 5% CO, and 95% oxygen is used 
when the fluid being circulated is bicarbonate saline, and pure oxygen when other types of 
solution are used. For anaerobic experiments nitrogen is substituted for oxygen. The head of 
pressure at the upper end of the intestinal segments is 10 cm H,O and at the lower end 28 em H,0, 
and except where otherwise stated, this is the hydrostatic pressure present. The procedure of 
removing the intestine from the animal and attaching it to the apparatus is as described by 
Newey, Smyth & Whaler (1955). In describing the results the term ‘inner fluid’ or ‘mucosal 
fluid’ refers to the fluid circulating through the intestinal lumen, the ‘outer fluid’ or ‘serosal 
fluid’ refers to that collected from the serosal surface of the intestine. Samples of either can be 
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taken for analysis at any time during the course of an experiment. The duration of each experi- 


ment was 1 hr. 

The solution used was mostly Krebs’s bicarbonate saline (Krebs & Henseleit, 1932). As will 
be seen from the results, this gives the best conditions for water transport. In some 
ee phosphate saline (Krebs, 1933), Tyrode’s solution or Ringer—Locke’s solution 
were 
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Fig. 1. Apparatus used for studying water transfer in the in vitro intestine. The part of the 
apparatus carrying the intestine is provided with a ground glass joint, which fits into the outer 
water jacket at A. The loops of intestine are suspended in air and the fluid transferred is 
collected in the graduated tube. For clarity only two loops of intestine are shown instead 
of the three normally used. Water at 38° C is circulated through the water jacket B. 


Chemical estimations 
Glucose estimations were carried ou by the method of Shaffer & Somogyi (1933); lactic acid 
by the method of Elsden & Gibson (1954); fructose and inulin by the method of Bacon & Bell 
(1948); creatinine photometrically by the Jaffe reaction as described by Hawk, Oser & Summerson 
(1947); phenol red photometrically in alkaline solution with a ‘Hilger 603’ filter; t-alanine by 


_ the chloramine-T method of Cohen (1940); p-alanine according to the method of Bender & 


Krebs (1950), with p-amino acid oxidase obtained from pig kidney; urea by the manometric 
measurement of CO, produced by the action of urease in anntete buffer (Krebs & Henseleit, 
1932); ascorbic acid by titration with 2:6-dichl dophenol in the presence of metaphosphoric 
acid; chloride by the Volhard method; sodinm and potassium by the method of Domingo & 
Kiyne (1949) as modified by Terner, Eggleston & Krebs (1950); phosphate by the method of 
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Fiske & Subbarow (1925); acetate, propionate and butyrate by steam distillation in a Markham 
of free acids, and the amounts of phosphate as phosphorus. 
RESULTS 

Effect of variations in glucose concentration on water transport. A study was 
made of the effect of glucose concentration in the inner fluid on the amount 
of water transport from mucosal to serosal surface of the intestine. In these 
experiments bicarbonate saline was used and the duration of each experiment 
was l hr. Preliminary experiments indicated the amount of glucose loss to 
be expected from the inner fluid during the course of the experiment. An 
attempt was then made to maintain the glucose concentration by adding 
every 15 min sufficient glucose to replace that likely to disappear. An esti- 
mation of glucose in the inner fluid was made at the beginning and end of the 
experimental period. ; 


| 


Glucose conen. (mg/100 mi.) 


Fig. 2. The relation between the rate of water transfer and the concentration of glucose in the 
inner fluid. Since the glucose concentration is not constant the horizontal lines are used to 
indicate the probable limits of concentration. 


Fig. 2 shows the relationship between the glucose concentration in the 
inner fluid and the volume of water transported. As the glucose concentration 
did not remain constant it has been indicated by a line showing initial and 
final concentrations which are probably the limits of concentration variation 
during the experimental period. In the absence of glucose the amount 
of fluid transport is negligible. With an increase in the concentration of 
glucose the volume transported increased up to a concentration of about 
150-200 mg/ml., when the maximum value of about 5-6 ml./hr was obtained. 
It is thus evident, as shown by Fisher (1955), that the presence of glucose is 
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essential for the transfer of water. It is also evident that there is a minimum 
concentration of glucose required to maintain maximum water transport. 

Effect of using different types of saline. In the previous section it has been 
shown that transfer of fluid only takes place in the presence of glucose. In 
this series of experiments different saline solutions were used in order to 
determine the optimum conditions for water transport. Representative results 
with a number of solutions are shown in Table 1. All the solutions contained 
glucose 500 mg/100 ml. It is evident that bicarbonate saline provided the 
most favourable medium for water transport. 


Tasce |. Rate of fluid transfer by the intestine when different types of saline are used for circula- 
tion through the intestinal lumen. The initial concentration of glucose was in all cases 
500 mg/100 ml. | 


Rate of fluid transfer 
Saline (ml./hr) 

Krebs’s bicarbonate saline 6-00 

5-10 
Krebs’s phosphate saline 
Tyrode solution 
9 
Ringer—Locke solution 3-2 
3-0 


The importance of oxygenation was tested by using for the gas lift a mixture 
of 5% CO, and 95% nitrogen. When this was done the transfer of water was 
reduced to less than 1 ml./hr. This amount, though small, appeared to be 
definitely greater than the amount transported in the complete absence of 
glucose in aerobic experiments, and the implication is that some of the energy 
liberated by glycolysis can be utilized for water transport. When a 5% CO, 
and 95% O, mixture was used for the gas lift the replacement of air by this 
gas mixture on the serosal surface of the intestine caused no increase in the 
volume of fluid transported. It thus appears that water transport is dependent 
on oxygen, but that the oxygenation of the mucosa is the essential condition, 
and this depends on the oxygen in the mucosal solution, and is not significantly 
altered by the addition of oxygen to the serosal side of the intestine. 

Effect of variations in temperature. Variations in temperature were studied 
in experiments where bicarbonate saline with glucose 500 mg/100 ml. was 
- used. The rate of fluid transport was plotted against the temperature and the 
results are seen in Fig. 3. At temperatures below 18° C a very small amount 
of water transport took place. With rising temperatures the rate of water 
transport increased up to a maximum, and with a further rise the rate fell 
_ off, and was negligible at 50° C. While great care must be taken in drawing 
conclusions about the nature of a biological process from the effect on it of 
_ variations in temperature, the results obtained are at least consistent with 
_ the view that an enzymic process is concerned with the transport of water. 
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Effect of variations in hydrostatic pressure. A series of experiments was done 
in which bicarbonate saline containing glucose 500 mg/100 ml. was used, and 
the pressure on the inner solution varied. This was done by connecting the 
gas outlet at the top of the reservoir with a tube leading below the surface 
of water in a cylinder. By varying the depth of the tube below the surface 
of the water, the pressure exerted on the inner fluid was controlled. 


Rate of water transfer (mi./hr) 
> 


20 30 40 50 
Temperature (°C) 
Fig. 3. Relation between variations in temperature and rate of water transfer 
by the in vitro intestinal preparation. 

The results are shown in Table 2, which also includes some experiments in 
which glucose was absent from the inner fluid, and others in which phlorrhizin 
was present in addition to glucose. (It will be shown in a later section that 
phlorrhizin inhibits water transport.) It appears from the results that increased 
hydrostatic pressure had some effect in increasing the rate of water transport. 
The effect of increased hydrostatic pressure was not, however, due to leakage 
or to simple filtration (the term filtration is used here in the same sense as 
filtration through the glomerular membrane, where it is implied that the 
concentration of substances with a low molecular weight is unchanged). This 
is shown by the following facts. In the absence of glucose, or in the presence 
of glucose and phlorrhizin, only very small rates of water transport were 
obtained even with hydrostatic pressures up to 60 cm H,O. In the presence of 
glucose the increased rate of water transfer caused by increased hydrostatic 
pressure was not accompanied by a rise in the chloride concentration in the 
outer fluid. As will be seen in a later section, the chloride concentration in 
the outer fluid is about 60% that in the inner fluid. If increased filtration 
or leakage occurred with increased hydrostatic pressure, the chloride concen- 
tration would be expected to rise. In the experiment indicated with an 
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asterisk in Table 2, the chloride concentration in fact did rise, and it could 
be concluded that the large rate in this case was due to leakage. 

Effect of alterations in osmotic pressure. It is seen from Fig. 2 that raising 
the glucose concentration in the inner fluid up to 1000 mg/100 ml. did not 
decrease the rate of water transfer. This might be thought to suggest that 
water transfer is not affected by osmotic pressure in the intestinal lumen. 


TasLe 2. Effect of variations in hydrostatic pressure on rate of fluid transfer by the intestine. 
The initial chloride concentration in the mucosal fluid in all cases was 456 mg/J00 ml. 
Hydrostatic of Chloride in 
serosal fluid 
(ml far} (mg/100 ml.) 
275 


Experimental conditions 
awry 500 mg/100 ml. in mucosal 


x 


SS 


No glucose in mucosal fluid 


Glucose, 500 mg/100 
+ phlorrhizin, val. in 
mucosal fluid 60 0-5 
* In this experiment the chloride concentration in the outer fluid has risen, indicating that the 
high rate of fluid transfer was due to leakage (see text). 


LLL) 


Glucose, however, moves rapidly into the intestine, and it would seem pre- 
ferable in a study of osmotic effects to select a substance which does not 


_tapidly leave the intestinal lumen. For this reason an investigation was made 
_ of the effect of addition of sodium sulphate to the inner fluid. The results of 


these experiments are seen in Fig. 4. It appears from this that increasing 
concentrations of sodium sulphate decrease the rate of water transfer, and 
this stops completely when the initial concentration of sodium sulphate is 
about 8x 10-*m. This concentration of sodium sulphate corresponds to an 
osmotic pressure of about 5 atm, but since the permeability of the preparation 


- to sodium sulphate has not been determined it is not possible to say what is 
_ the effective osmotic pressure due to sodium sulphate. It can, howeve& be 


concluded that water transport is prevented by a sufficiently large opposing 


osmotic force. 


Capacity of different parts of the intestine to transfer water. The preparation 
requires about 54 cm of small intestine out of a total length of about 100 cm 
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in the rat. A series of experiments was done in which the section used was 
taken from different parts of the intestine, and the rate of fluid transport 
determined in éach case. The part of the intestine used is expressed as its 
mean fractional distance from the caecum. By this is meant the distance of 
the middle point of the segment used from the caecum expressed as a fraction 
of the total length of the intestine. Thus, if the whole intestine is 100 cm long 
and the 54 cm is taken starting at the caecum, the fractional distance of the 
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Initial concn. of sodium sulphate in 
mucosal fluid (x10? M) 


Fig. 4. Relation between rate of water transfer, and initial concentration 
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Rate of water transfer (ml./hr) 
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of sodium sulphate in the mucosal fluid. 
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L 
02 04 06 08 10 
Mean fractional distance from caecum 


Fig. 5. Capacity of different parts of the intestine to transfer water. This is shown by plotting 
the rate of water transfer against the mean fractional distance from the caecum. (For 


explanation see text.) 
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segment from the caecum is 0-27. Fig. 5 shows the relation between the 
fractional distance from the caecum and the rate of fluid transport, and it is 
evident that the rate is greater in the jejunum than the ileum. This agrees 
with the result of Wilson & Wiseman (1954) with sacs of everted small 
intestine. 

Transfer of water in the presence of other substances. Experiments were done 
to find out whether glucose could be replaced by other substances in main- 
taining water transfer. Representative results are seen in Table 3. Of the 
substances tested, fructose was the best substitute for glucose, but only 
maintained water transport at about half the rate for glucose; galactose and 
pi-alanine were less effective, and the amounts nate water transferred with 
other substances were negligible. 


TasLe 3. Effect of various substances in maintaining fluid transfer by the intestine. The sub- 
stances used were present in the mucosal fluid initially in the concentrations shown. 


Initial concentration - Rate of fluid transfer 


Substance (mg/100 ml.) (ml./hr) 

Glucose : 500 6-0 
500 6-3 

Galactose 500 0-95 

500 0-95 
Fructose 500 2-2 
| 500 2-3 
Sodium acetate 120 0-0 
120 0-0 
Sodium propionate 148 0-0 
148 0-1 
Sodium butyrate 176 0-1 
176 0-1 
Sodium pyruvate 600 0-0 
200 0-0 
100 0-5 
Sodium lactate 200 0-3 
pL- Alanine 150 0-5 
150 1-7 
200 0-5 


Transfer of glucose. It has been seen that the rate of water transfer in- 
creases with increasing glucose concentration, reaching a maximum at about 
200 mg/100 ml. of glucose. It was therefore of interest to find out whether 

glucose transfer also reached a maximum, with the object of determining 

whether the rate of water transfer was directly related to the amount of 
glucose transferred. A series of experiments was done in which different 
“initial concentrations of glucose were used, the initial and final glucose 
‘concentrations of the inner fluid were determined, and the concentration of 
_ glucose measured in the outer fluid. Since it is known from the experiments 
of Wilson & Wiseman (1954) and Newey et al. (1955) that a substantial 
fraction of glucose is converted to lactate in the intestine in vitro, estimations 
_ of lactate were also made. 
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The results are shown in Figs. 6 and 7. It will be seen from Fig. 6, that as 
the inner glucose concentration was increased the concentration of glucose 
in the outer fluid also increased, and up to the highest concentration used 
there was no evidence of a limit to the transfer of glucose. The solid line of 


Glucose concn. in serosal fluid (mg/100 mi.) 


Initial glucose concn. (mg/100 mi.) 


Fig. 6. Relation between glucose concentration in the serosal solution and the initial concentration 
of glucose in the mucosal solution. The straight line indicates equality of glucose concen- 
tration in the mucosal and serosal solutions. With initial concentrations of glucose in the 
mucosal fluid between 100 and 500 mg/100 ml. the glucose is present in greater concen- 
trations in the serosal fluid; at higher concentrations the concentration in the outer solution 
is nearly equal to that in the inner solution. 


| 1 
500 750 1000 
Initial glucose conc. (mg/100 mi.) 


Fig. 7, Relation between lactate concentration in the serosal solution and the initial concen- 
tration of glucose in the mucosal solution. It is seen that with increasing concentrations of 
glucose in the mucosal fluid, the concentration of lactate increases up to a maximum and 
then remains fairly constant. 


Fig. 6 indicates equality of glucose concentration in the inner and outer fluids, 
and it is seen that while at lower concentrations the glucose in the outer 
fluid is considerably greater than in the inner, at higher concentrations the 
two tend to become nearly equal. This could be explained by postulating that 
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there are two processes concerned in the movement of glucose: (1) an active 
transfer, the mechanism for which becomes saturated at a certain level of 
glucose in the inner fluid; and (2) a passive carriage of glucose in the fluid 
stream. The amount carried passively will depend on the inner concentration, 
and therefore, the total amount of glucose transferred does not reach a limiting 
value. The concentration of lactate in the serosal fluid is shown in Fig. 7. 
It is seen that this increased with increasing mucosal glucose concentration, 
reaching & maximum of 400-500 mg/100 ml. when the inner glucose was 
about 200 mg/100 ml. It is thus evident that the mechanism for formation of 
lactic acid became saturated at this concentration of glucose. No lactate was 
present originally in the mucosal fluid, and at the end of 1 hr the mucosal 
concentration had risen to 20-40 mg/100 ml. The lactate concentration in the 
serosal fluid was thus more than 20 times the average concentration in the 
mucosal solution. There are, therefore, three possible mechanisms in the 
transfer of glucose: (1) active transport as glucose, (2) passive transport as 
glucose in the fluid stream, and (3) transport as lactate. 

Transfer of other substances. The relative amounts of substances in the inner 
and outer fluid might throw some light on the processes involved in their passage 
through the intestinal wall. A series of experiments was therefore done with 


_ a number of substances in which the initial and final inner concentration was 


determined together with the concentration in the outer fluid. In all these 

experiments bicarbonate saline was used and, in addition to the substances 

being investigated, glucose was present in a concentration of 500 mg/100 ml. 

in order to maintain water movement. The results of these experiments 
- are seen in Tables 4-6. The substances tested can be divided into three 
groups: 

Group I consists of those which appear in a substantially higher concen- 
tration in the outer solution than the inner solution (Table 4). This 
group includes glucose, acetate, propionate, butyrate, lactate, L-alanine 
and phosphate. (Figures for glucose and lactic acid are not included 
in Table 4, as these substances are dealt with in detail elsewhere.) 

Group II comprises those which appear in nearly equal concentration 

| (within 10%) in the outer and inner solutions (Table 5). This group 
3 includes D-alanine and sodium. | 

Group III includes those which appear in substantially lower concentrations 
in the outer fluid (Table 6)—chloride, potassium, phenol red, creatinine, 
urea, fructose, inulin and ascorbic acid. 


Effect of inhibitors. A number of inhibitors (phlorrhizin, iodoacetate, 

_ 2:4 dinitrophenol, cyanide, fluoride and fluoroacetate) were tested as follows. 
The inhibitor was added to the inner fluid, which in all cases was bicarbonate 

j saline with an initial concentration of glucose 500 mg/100 ml. The results are 
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seen in Table 7, and it is evident that all these substances will inhibit transport 
of water. It would thus appear that interference with metabolism at 
various different points can interrupt the processes responsible for water 
transport. 


Taste 4. ‘Substances transferred in a concentration greater than that in the mucosal fluid. 
In all cases glucose was present in the mucosal fluid in an initial concentration of 500 mg/100 ml. 


Mean concn. in Conen. in serosal 


mucosal fluid fluid Serosal concn. 
Substance (mg/100 ml.) (mg/100 ml.) Mean mucosal concn. 

L-Alanine 87 368 4-23 
98 454 4-64 

Acetate 59 90 1-53 
54 79 1-46 

Propionate 73 147 2-01 
65 113 1-74 

Butyrate 71 92 1-30 
7 114 1-63 

Phosphate 5-0 10-7 2-14 


Tasiz 5, Substances transferred in a concentration approximately equal to that in the mucosal 
finid. In all cases glucose was present in the mucosal fluid in an initial concentration of 


500 mg/100 ml. 
Mean concn. in Concn. in serosal 
mucosal fluid fluid __Berosal concn. 
Substance (mg/100 ml.) (mg/100 ml.) Mean mucosal concn. 
p- Alanine 82 89 1-09 
119 115 0-97 
Sodium 326 329 1-01 
331 327 0-99 


TaBiE 6. Substances transferred in a concentration less than that in the mucosal fluid. In all 
cases glucose was present in the mucosal fluid in an initial concentration of 500 mg/100 ml. 


Mean concen. in Conen. in serosal 


mucosal fluid fluid ___ Serosal concn. 
Substance (mg/100 ml.) (mg/100 ml.) Mean mucosal concn. 

Potassium 22-9 17-4 0-76 
23-2 17-0 0-73 
Chloride 480 270 0-56 
475 278 0-59 
Urea 65 43 0-63 
62 44 0-71 
Fructose 393 95 0-24 
89 27 0-30 
Creatinine 31-5 6-0 0-19 
34-5 8-0 0-23 
Phenol red 9-0 1-9 0-21 
Inulin 93 13-7 0-15 
32 4°5 0-14 
Ascorbic acid 59 70 0-12 
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Tasie 7. The effect of inhibitors on the transfer of fluid by the in vitro intestinal preparation. 
In the absence of inhibitors the average rate of transfer is 6-0 ml./hr. In all cases glucose was 
present in the mucosal fluid in an initial concentration of 500 mg/100 ml. 


Inhibitor (m) (ml./hr) 

Phlorrhizin 2 xlo°* 0-3 
2 x10~ 0-6 
10-5 3-3 
2 xlo* 5-9 
2:4-Dinitrophenol 4 16 
10-* 2-3 
10-* 2-6 
10-* 6-3 

Sodium monoiodoacetate 10-* 0 
10-* 0-8 
2-5 

Sodium fluoride 5 x10 0 
5 1-6 
10-* 2-3 
10-¢ 6-0 
Sodium cyanide 10-* 0-6 
10-* 0-6 
10-* 51 
Sodium fluoroacetate 7-5x10-* 2-6 
5 3-2 
2-5 x10-* 4°5 
6-4 

DISCUSSION 


A new type of in vitro intestinal preparation is described, in which no outer 
fluid is used for bathing the intestine. This preparation has one advantage 
over the Fisher & Parsons (1949), or Wiseman (1953) type of preparation, 
in that the substances passing through the intestine are not diluted with a 
relatively large volume of outer fluid already present, and hence the con- 
_ centration in which solutes pass through the intestine can be much more 
accurately measured. | 
It is seen from our experiments that fluid transport is dependent on the 
_ presence of glucose, the presence of oxygen and a temperature suitable for 
- mammalian enzyme activity, and also that it is prevented by metabolic 
inhibitors. These findings all suggest that fluid transfer is an active process. 
The term ‘active process’ is not easy to define precisely, but it is meant here 
- to refer to processes other than those caused by existing hydrostatic, thermal 
or osmotic forces not created by the activity of the mucosal cells. Thus an 
active process might involve an osmotic force produced by movement of 
_ some solute by the mucosal cells. The idea that water absorption in the 
_ intestine is an active process is not a new one, and in fact so much evidence 
for it was produced by the earlier workers (for references see Goldschmidt, 
1921), that it is not easy to understand why this evidence was rejected by 
- later workers. More recently Visscher, Fetcher, Carr, Gregor, Bushey & 
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Barker (1944) have produced new evidence for active transport of water, and 
the in vitro experiments of Fisher (1955) certainly suggest that at least in the 
in vitro intestinal preparation water transport is an active process. Our results 
support those of Fisher, and go further in showing the influence of variations 
in temperature and metabolic inhibitors on water transport. 

In our experiments maximum water transfer only occurs simultaneously 
with glucose transport, and it is not clear whether the role of glucose is to 
supply energy, or whether water transport is coupled with glucose transfer. 
The fact that water can be absorbed in vivo without simultaneous absorption 
of glucose would suggest that the role of glucose is to supply energy. Our 
experiments with inhibitors, although they show the need for metabolic 
energy, do not throw any light on whether glucose movement is essential or 
not. The fact that dinitrophenol has an inhibiting effect suggests that the 
energy required is related to phosphate-bond energy. If glucose acts only as 
a source of energy it is difficult to understand why it cannot be replaced by 
some of the other substances used, in particular pyruvate. Since pyruvate is 
on the pathway of glucose oxidation it would be expected that it might be 
capable of supplying the necessary energy, and the failure of pyruvate to 
maintain water transfer requires an explanation which is not yet apparent. 

_ Hydrostatic pressure has sometimes been considered to be a possible factor 
in water absorption from the intestine, on account of the increased filtering 
force. Our results show that increased hydrostatic pressure causes an increase 
in the volume of fluid transferred. Fisher (1955) found that in the presence 
of glucose the volume of fluid transferred was 159+ 43 yl./cem/hr at 20 cm 
water pressure, and 213 + 42 wl./em/hr at 45 cm water pressure, and although 
he pointed out that these changes were scarcely significant, they would 
appear to show, in agreement with our results, that increased hydrostatic 
pressure causes increase in the volume of fluid transferred. For reasons already 
given we believe that the increased rate of water transfer is not due simply 
to increased filtration pressure, and a more probable explanation is that the 
increased stretching of the intestinal wall by the pressure results in both 


increase of surface and improved oxygenation by reducing the thickness of 
the intestinal wall. 


Our results show that solutes in the intestinal lumen pass through with: 


the water at varying rates, and on this basis we have divided the solutes tested 
into three groups. Those in Group I appear in the outer fluid in a concentration 
higher than that in the inner fluid, those in Group II in a concentration 
approximately equal to that in the inner fluid, and those in Group III in a 
concentration lower than that in the inner fluid. In considering possible 
resons for substances appearing in different concentrations in the inner and 
outer fluids the following factors should be borne in mind. 

Increased concentration in the outer fluid may be due to (a) an active trans- 


port 1 
7 of tre 
alreac 
intest 
(a) ak 
or (6) 
Eque 
to (a) 
diffus 
with 
3 and e 
q these 
Be: 
glucc 
port 
in the 
The 
the a 
proce 
facto 
equal 
& 
On tl 
the n 
conce 
and s 
| the f 
fatty 
also 
Since 
fluid, 
ment 
appes 
| acco 
and t 
is gre 
incre¢ 
phosy 
4 seross 
possi 


INTESTINAL WATER TRANSPORT 645 


‘ port mechanism for the substance in question independent of the mechanism 
of transfer of water, or (6) liberation of additional quantities of the substance 
already present in the intestinal wall, or formation of the substance in the 
intestinal wall. Decreased concentration in the outer fluid may be due to 
(a) a slow diffusion of the substance through some part of the intestinal barrier, 
or (b) breakdown of the substance during its passage through the intestine. 
Equal concentration of the substance in the inner and outer fluids may be due 
_ to (a) a balance of the various factors mentioned, (b) the fact that the substance 

diffuses passively at the same rate’as water, or (c) that its transfer is connected 
_ with that of water. Other factors which may play a part are lipoid solubility 
and electrical forces due to ion transfer. It is obvious that combinations of 
these factors can occur, and can influence the final result. 

Bearing these possibilities in mind, it is probable that the results with 
glucose and L-alanine are explained by active transport, and this active trans- 
port is apparent in spite of the fact that these substances are broken down 
in the intestine, although at a rate which does not mask the active transfer. 
The explanation for the higher concentration of fatty acids and lactic acid in 
the outer fluid may be more complicated. While there may be an active 
process concerned with the movement of these substances there are other 
factors to be considered. According to Wilson (1954) lactate when present in 
equal concentration on both sides of the intestine is not transported against 
a concentration gradient, and this would argue against an active transfer. 
_ On the other hand, there is no doubt that most of the lactate is produced in 
the mucosa, but appears on the serosal side (Newey et al. 1955). The high 
_ concentration of lactate could be explained by its formation in the mucosa 
- and subsequent passive carriage in the active water stream. In the case of 
_ the fatty acids some other explanation must be sought since formation of 
fatty acids does not take place in the mucosa. A possible factor, which may 
also apply to movement of other anions, may be the transport of sodium. 
_ Since the sodium concentration in the serosal fluid is the same as the mucosal 
_ fluid, and since there is a movement of water, it follows that'there must be a 
- transfer of sodium. This transfer of sodium will cause an accompanying move- 
ment of anions, and those which pass more easily through the intestine may 
_ appear in larger quantities on the serosal side. Thus fatty acids, possibly on 
- account of their greater lipoid solubility, may move more easily than chloride, 
and this may explain why the concentration of fatty acid in the serosal fluid 
is greater than that in the mucosal, while that of chloride is smaller. The 
increased concentration of phosphate is probably explained by diffusion of 
_ phosphate out of the tissues. This seems the more likely, as there is increase in 
phosphate in both mucosal and serosal fluids. The greater increase on the 
_ serosal side could be due to carriage of phosphate in the water stream, or 
_ possible diffusion of phosphate from the muscle layer of the intestine. 
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The substances which are transferred in equal concentration, i.e. D-alanine 
and sodium, might do so for various reasons. The difference in the behaviour 
of p-alanine and t-alanine would certainly suggest the absence of an active 
process in the transference of the p-enantiomorph, and this is in keeping with 
the finding of Wiseman (1953) that p-alanine is not transported against a 
concentration gradient. The movement of alanine might also, as suggested 
in the case of acetate, be influenced by the movenient of sodium. Sodium 
appears to be transported in the same concentration as in the inner fluid. 
This agrees with the results of Wilson (1954) with a different type of pre- 
paration. This might mean that sodium diffuses at the same rate as water, or 
it might be due to the fact that movement of sodium is the fundamental 
process in water movement and that a certain amount of water always moves 
with sodium. The conclusion should not be drawn that the fluid transferred 
is exactly iso-osmotic with the inner solution, since an error of 1% in the 
sodium estimation would make a difference of about 50 mm Hg. 

As regards the substances which appear in the serosal fluid in smaller 
concentration than in the mucosal solution, it seems reasonable to attribute 
the low concentration to a slow rate of diffusion unless there is any other 
obvious explanation. In the case of fructose an obvious explanation is con- 
version to glucose, as has been shown by Darlington & Quastel (1953). The 
slower movement of potassium as compared with sodium is of considerable 
interest, but without more detailed studies speculation on the significance of 
this would be of no value. Wilson (1954) found little or no transfer of potassium 
in two types of im vitro preparation. The low concentration of chloride in 
the fluid transferred and its rise in the mucosal fluid agrees with Wilson’s 
results. A possible explanation of the chloride concentrations has been suggested 
in discussing fatty acid transfer. The results with phenol red, creatinine, inulin 
and ascorbic acid are presumably due to a slow rate of diffusion and the absence 
of an active process. Smyth & Whaler (19536) have shown that phenol red 
and ascorbic acid, when present in equal concentration on mucosal and serosal 
sides of the intestine, are not transferred against a concentration gradient. 


SUMMARY 
1. A new type of in vitro intestinal preparation is described, which will 
transport water from the mucosal to the serosal surface. 
2. The transfer of water depends on glucose, oxygen and temperature. It is 
also influenced by hydrostatic and osmotic pressure. 
3. The transfer of water is prevented by various metabolic inhibitors. 
4. Solutes pass through the intestinal wall with the water in varying pro- 
portions. Alanine, glucose and lower fatty acids appear in higher concen- 
tration than that in the inner fluid, sodium and p-alanine in approximately 
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equal concentration, while chloride, creatinine, urea and a number of other 
substances appear in lower concentration. 


5. The relation of these findings to the transport of water and solutes by 
the intestine is discussed. 

‘This work was assisted by grants from the Medical Research Council and from the Medical 

Research Fund of the University of Sheffield. Mr C. B. Taylor was in receipt of a training grant 
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| An apparatus for weighing the perfused heart. By W. F. Wippas. 
Department of Physiology, King’s College, London, W.C. 2 


This apparatus has been designed for an investigation of the properties of the 
perfused heart under varying osmotic conditions to see if the permeability of 
heart muscle to various non-electrolytes can be followed by volume (and hence 
weight) changes. 

The heart is perfused from an L-shaped cannula supported at its corner by 
the weighing device. The longer arm of the cannula, which is horizontal, is 
connected via a flexible joint (Paul’s tubing) to a conventional perfusion 


apparatus. 


Spring 
adjusting 


Fig. 1. Section through weighing device showing arrangement for damping and 
method of adjusting leaf spring (parts not to scale). 


The weighing device (Fig. 1) consists of an adjustable leaf spring supporting 

a Perspex diaphragm in a circular dash-pot of liquid paraffin. Movements are 
detected by a mechano-electronic transducer (RCA 5734). The amplifier circuit, 
on the lines of that described by Green (1954), can be used with either a c.R.0., 
8 quick response pen recorder, or a slower recording milliammeter. 
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The ballistic effect of the heart beat can be recorded and its amplitude is a 
qualitative measure of the force of contraction. The average position (recorded 
by the slower instrument) indicates weight changes. 

The simultaneous recording of the electrocardiogram is also provided for. 


The author is indebted to London University Central Research Fund for a grant for apparatus. 
Help by Mr M. F. Fordom with the design and construction of the electronic amplifier is gratefully 
acknowledged. 

REFERENCE 


Green, J. H. (1954). J. Physiol. 125, 4 P. 


A plastic homogenizer. By A. Darsre. Department of Biochemistry, 
King’s College, London, W.C. 2 


A simple method of making homogenizers using a liquid self-setting resin 
mixture* will be shown. The homogenate may be centrifuged directly without 
transference to a separate centrifuge tube. The mixture used is prepared by 
mixing 100 g Marco Resin SB. 26. C. with 40 g Monomer C, 4 g Catalyst paste 
H and 2 g Accelerator E in that order. A releasing agent (oleic acid or poly- 
vinyl alcohol: water, 1:5) is first used to coat the inner wall of a tapering or 
round-bottomed centrifuge tube and the resin is then poured in. A stainless 
steel or glass rod is lowered into the resin and held in position centrally a few 
mm from the bottom of the tube by means of three cardboard disks, through 
which the rod passes. Two of the disks fit the internal diameter of the tube, 
whilst the third and larger disk rests on the top of the tube. After setting, the 
pestle is ground in its tube with carborundum powder and the top surface filed 
to a smooth finish. 

The casting is almost unbreakable. It remains unaffected by prolonged 
immersion in a wide variety of chemical reagents and by heat at 105° C. The 
pestle may be driven at speeds up to 2000 r.p.m. by fitting the rod into the 
chuck of a laboratory stirrer. Homogenizers made in the above manner have 
been used successfully with plant and animal tissues. 


A simple method of studying the reaction of the central vasomotor 
mechanism. By J.J. Jones. Department of Physiology, King’s College, 
London, W.C. 2 


This consists essentially of perfusing the hind legs of a cat, connected to the 
body by nerves, with Krebs’s solution. By the use of Krebs’s solution the 
reactions are much more active than if Ringer’s solution is used—and it is 
obviously more economical than the use of crossed circulations. Preparations 


° Available commercially, Messrs Scott Bader and Co. Ltd., Wollaston, Wellingborough. 
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vary in activity, depending no doubt on the previous habit of the animal, but 

it may be shown that the activity of the central mechanism is reduced by the 

injection of fluid, by adrenaline, by noradrenaline and by opening the chest. 

Since the inhibition produced by the injection of fluid is abolished by section 

of the vagus nerves and occlusion of the carotid arteries, it is considered that 
? back flow in the internal carotid arteries is of little significance in the cat. 


A simple finger ergograph. By R. J. 8. McDowat. 


A method for studying oxygen consumption and .contractions 
simultaneously in the electrically stimulated rat ventricle 
preparation, using the Warburg manometric technique. By 


A. Darsre and R. L. Sperrs. Departments of Biochemistry and Physiology, 
King’s College, London, W.C. 2 


Although many microrespiration techniques are available, very few of these 
will permit the study of the influence of ions, drugs, anoxia, etc., on respiration 
| and contraction response of muscle at the same time. 


Recording system 
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ip Fig. 1. Modified Warburg flask with plug. A, Perspex plug; B, capillary; C, Perspex clamp 


if electrode; D, mercury seal; Z, flask containing medium (3 ml.); F, KOH chamber. Side tube 
with self-sealing rubber plug not shown. 


_ of papillary muscle could be followed using a modified Warburg flask by means 
| of the usual manometric techniques. The contraction of the muscle was recorded 
a 9 


| However, Lee (1953a, 2) has devised a technique in which the oxygen uptake 
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by an optical method. Since many difficulties must be encountered in such a 
recording technique, we have investigated the possibility of recording the 
contractions of the rat ventricle preparation (McDowall, Munro & Zayat, 1955) 
in a closed system by a more direct method. 
Several types of flasks, suitable for use with standard Warburg manometers, 
have been designed and used in an attempt to provide conditions for adequate 
oxygenation of the tissue, whilst at the same time maintaining a sensitive 
manometric system by keeping the volume of the flask as small as possible. 
A Perspex plug with a fine capillary hole drilled through it and with an attached 
clamp electrode has been made (Fig. 1). A platinum wire, attached to the 
top end of the tissue held in the clamp electrode, passes up through the 
capillary and transmits directly the contraction response to a suitable trans- 
ducer or simple isotonic lever. A mercury seal around the wire completes the 
closed system. 
The medium used is a bicarbonate-free Krebs’s solution with extra phosphate 
added, since, in using the Direct Method of Warburg to determine the oxygen 
uptake of the tissue, bicarbonate must be absent. 


REFERENCES 


Lee, K. 8. (19534). J. Pharmacol, 109, 304-312. 
Lee, K. 8. (19536). J. Pharmacol. 109, 313-317. 
McDowall, R. J. 8., Munro, A. F. & Zayat, A. F. (1955). J. Physiol. 130, 615-624. 


Hypersensitivity of denervated rat muscle to drugs. By G. Paterson. 
Department of Pharmacology, King’s College, London, W.C. 2 

Reid & Vaughan Williams (1949) found that hypersensitivity to injected 
acetylcholine of the denervated tibialis anterior muscle of the cat developed 
rapidly on the sixth and seventh days after denervation, whereas neuro- 
muscular transmission was absent from the third day onwards. In the present 
experiments, the development of hypersensitivity in the denervated rat 
diaphragm muscle was measured using a modification of the technique 
described by Burgen, Dickens & Zatman (1949), in which the isolated dia- 
phragm is injected retrogradely through its venous drainage. By this technique 
a dose-response curve to injected acetylcholine may be obtained and the dis- 
placement of this curve after denervation measured. Hypersensitivity was 
first observed 3 days after nerve section, at which time the muscle did not 
respond to stimulation of the degenerating nerve stump, and developed 
gradually to reach a peak at the eighth to tenth day, then declined slowly as 
atrophy of the muscle progressed. Development of a contractural response to 
acetylcholine added to the fluid bathing the diaphragm was found to be 
parallel to that of the increased twitch response to injected acetylcholine. 
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_ Using the intravenous injection method the blockade of the twitch response to 

acetylcholine by competitive or depolarizing neuromuscular blocking agents 
_ was followed through the stages of denervation. Sensitivity of the twitch 
response to blockade with (+)-tubocurarine was unchanged after denerva- 
tion, whereas that to suxamethonium and decamethonium was increased. 
The effects of the two types of blocking agent will be demonstrated. 


REFERENCES 


Burgen, A. 8. V., Dickens, F. & Zatman, L. J. (1949). J. Physiol. 109, 10. 
Reid, G. & Vaughan Williams, E. M. (1949). J. Physiol. 109, 25. 


Transmural stimulation and drug effects on circular and longi- 
| tudinal components of uterine muscle. By G. D. H. Leacs. 
Department of Pharmacology, King’s College, London, W.C. 2 


The effects on the uterus of stimulating its autonomic nerves have been 
described by many authors with varying results (Gruber, 1933). 

A method of measuring the changes that occur in the circular components 
of the smooth muscle forming the uterus has been developed. The principle 
depends upon measuring, by a float recorder, changes in volume occurring 
within one horn of the guinea-pig uterus sustained under a constant hydro- 
static pressure. The horn of the uterus is suspended rigidly at each end and, 
under these conditions, changes in volume reflect changes in muscular tone. 
Krebs’s solution, at 36°C, saturated with 95°% O, and 5% CO,, is delivered 
from a constant head device into the lumen of the uterus by a cannula tied © 
into the ovarian end, and is collected from another placed in the lower end of © 
_ the uterine body. Changes in volume are measured by a float recorder at the 
inlet end. 
_ Longitudinal movements are amplified by a mirror-lever attached to the 
- free end of the second horn, using a photoelectric cell and a d.c. amplifier 
(Bell & Robson, 1936). 
- Transmural stimulation is by platinum electrodes; one is a wire passed into 
the lumen of one cornu, and the other consists of a piece of foil placed 
externally in the bathing fluid. The effects of transmural stimulation and the 
_ modifications caused by drugs known to have specific effects on the autonomic 
_ nervous system will be shown. 
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Motor nerve stimulation and acetylcholine release in the perfused 
rat phrenic nerve diaphragm preparation. By G. BrownLzr 


and D. W. Stravenan. Department of Pharmacology, King’s College, 
London, W.C, 2 


The venous drainage from the rat diaphragm may be used for close intra- 
vascular injection in the isolated preparation (Burgen, Dickens & Zatman, 
1949). The applications of this method deserve wider attention. 

We have now used this preparation for continuous perfusion and have 
collected samples at intervals for ACh assay. | 

The complete diaphragm with right phrenic nerve, thoracic inferior vena 
cava and attached liver is removed from the rat. The abdominal vena cava is 
tied immediately above the entry of the hepatic veins, care being taken to avoid 
accidental occlusion of the diaphragmatic veins. All the veins draining the left 
dome are now tied to avoid leaks. A sector of the right diaphragm is obtained 
by dissection to include the main veins draining this dome. A narrow bore 
polythene cannula is now tied in the short stump of the thoracic inferior vena 
cava and the preparation suspended in an organ bath (Biilbring, 1946) but 
with the tendon attached downwards. After soaking for 30 min at 37°C in 
Krebs’s solution containing 1 x 10-* eserine, the bath is filled with light liquid 
paraffin and retrograde infusion with eserinized fluid begun. The perfusate is 
withdrawn from the bottom of the bath and if not estimated immediately for 
ACh it is acidified with HCl to pH 4 and frozen. A gas mixture of 95% O, 
and 5%, CO, is bubbled into the bath fluid during the experiment. 

At the end of the experiment ink is injected to test for leaks. 

REFERENCES 


Bilbring, E. (1946). Brit. J. Pharmacol. 1, 38. 
Burgen, A. 8. V., Dickens, F. & Zatman, L. J. (1949). J. Physiol. 109, 10. 


Stress and fatigue corrosion in surgical implants. By J. M. Zarek. 
Biomechanics Section, Faculty of Engineering, King’s College, London 


Quantitative interference microscopy as applied to cross-striated 
myofibrils. By H. E. Huxiry, Jean Hanson and H. G. Davies 


An automatic apparatus, simply constructed for repetitive stimu - 
lation of isolated tissue preparations. By A. B. Wizson 
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The action of reserpine on sympathetic ganglia. By E. Muscno.. 


and MarTHE Voat. Department of Pharmacology, University of Edinburgh 


Reserpine is known to cause a loss of 5-hydroxytryptamine from all tissues in 


which it is normally stored. This loss is reflected in an excretion of large 


_ amounts of the metabolite 5-hydroxyindoleacetic acid in the urine (Shore, 


Silver & Brodie, 1955). The effects of reserpine have been interpreted as a 


- consequence of this release of 5-hydroxytryptamine. However, experiments 


carried out some time ago (Holzbauer & Vogt, 1956) suggested that reserpine 
might also be affecting the tissue concentration of other amines. It was found 


_ that most of the noradrenaline disappeared from the hypothalamus of cats 


injected with reserpine (0-4 mg/kg). It is well known that reserpine produces 


3 myosis, relaxation of the nictitating membranes and ptosis. This effect has been 


By 
4 


interpreted as a loss in sympathetic tone of central origin. Further; it was ob- 
served by G. M. Everett (personal communication) that mice no longer respond 
with piloerection when placed on a cold plate after an injection of reserpine. 
This phenomenon might also be due to a central inhibition of sympathetic 
activity, but an alternative explanation might attribute it to a peripheral 
effect, and the experiments to be reported were an attempt at testing that 
possibility. 

Rabbits were anaesthetized with ether and the left cervical sympathetic 
ganglion extirpated. The wound was sewn up and the rabbits recovered 
immediately. They were then given reserpine intraperitoneally, and, after 
a variable time interval, the right superior cervical ganglion was extirpated. 
The noradrenaline and adrenaline content of the ganglia was estimated by 
extracting the tissue, purifying the extracts, separating the amines on paper 
and assaying the eluates of the individual amines biologically. After doses of 
reserpine of 0-8-2-3 mg/kg, losses up to 80% and more of the noradrenaline 
in the ganglion were observed; with single smaller doses the loss was about 
one half. | 

Before extirpation of the second ganglion, its pre- and post-ganglionic fibres 
were stimulated, and the effects on the eye observed. Stimulation of fibres 
entering or leaving severely depleted ganglia (noradrenaline loss >75%) 
caused no or very weak effects on eyelid or pupil, and stigiulation of fibres — 
belonging to moderately depleted ganglia (noradrenaline loss 30-50%) 
showed some impairment of function. It appears, therefore, that reserpine, 
in addition to its various central actions, incapacitates the peripheral sym- 
pathetic neurones by causing them to lose their transmitter. 
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Differential sedimentation of adrenaline and noradrenaline from 
suspensions of chromaffin granules. By H. J. Scuiimann. 
Department of Pharmacology, University of Oxford 

When suspensions of chromaffin granules from the bovine adrenal medulla in 
0-3Mm sucrose are centrifuged over 20m sucrose, only a small amount of the 
total catechol amines is sedimented (Blaschko, Born, D’Iorio & Eade, 1956). 
It has been shown that this sediment has a higher percentage noradrenaline 
content than the suspension from which it is derived, whereas the granules 
retained in the higher parts of the centrifuge tube have a higher percentage 
adrenaline content (Kade, 1956). 

In the present work, suspensions of large granules were prepared from the 
suprarenal glands of the domestic fowl. These suspensions, in 0-3M sucrose, 
were centrifuged in a density gradient tube over sucrose of a molarity that 
varied from 2-0m at the bottom to 1-4m at the upper end of the gradient. 
At the end of the centrifugation (at 142,000 g for 30 min) a zone of granules 
was retained at the top of the gradient; this zone had a very low amine 
content. Below this region the tube was filled with granules that had not 
formed a separate layer; these granules contained only adrenaline. The sedi- 
ment contained a mixture of adrenaline and noradrenaline. 

In two experiments the sediment precipitated by centrifugation at 44,500 g 
for 15 min was resuspended in 0-3m sucrose and again centrifuged over a 
density gradient, this time at 44,500 g for 20 min. The sediments from this 
centrifugation contained 88 and 97% of noradrenaline respectively. 

These observations show that the suspensions of chromaffin granules are not 
homogeneous, They contain granules of lower density which carry adrenaline 
only and granules of high density which carry (practically) noradrenaline only. 
It is at present not possible to say whether there exists a third type of granule 
that carries both amines or whether the intermediate fraction represents an 
unresolved mixture of the two kinds of granule already isolated. 


REFERENCES 


Blaschko, H., Born, G. V. R., D’Iorio, A. & Eade, N. R. (1956). J. Physiol. 188, 548. 
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The effect of denervation, muscle immobilization and ischaemia 
on the histochemical appearances of cholinesterase at the myo- 
neural junction. By R. 8. Swett. Department of Anatomy, King’s 
College, London, W.C. 2 | 
The histochemical appearances of cholinesterase at the myoneural junction 
were studied in the gastrocnemius muscle of the mature guinea-pig using a 
modification of the method described by Koelle & Friedenwald (1949). 
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Snell & McIntyre (1956) reported that the cholinesterase concentration at 
the myoneural junction began to become reduced at the 11th day following 
denervation and that the reduction progressed until at the 45th day the 
cholinesterase was absent. 

In the present experiments the right knee and ankle joints in ten guinea-pigs 
were completely immobilized by means of a splint for periods varying from 
2 to 6 weeks. In five of the animals the concentration of cholinesterase at the 
myoneural junction remained unchanged. In the remaining five animals there 
was evidence of muscle necrosis due to vascular insufficiency. In these 
animals the appearances of cholinesterase were seen to be normal where the 
muscle showed early signs of necrosis, but in those areas where there was an 
advanced degree of muscle necrosis the concentration of cholinesterase was 
greatly reduced and its distribution was uneven. 

The right Achilles tendon was divided in sixteen guinea-pigs and the 
gastrocnemius muscle allowed to retract up the leg. Four animals were killed 
at the end of 3 weeks, another four at 6, at 9 and at 12 weeks respectively 
after tenotomy. In spite of prolonged muscular inactivity the concentration 
of cholinesterase at- the myoneural junction remained unchanged. In the 
above experiments the normal gastrocnemius muscle was removed from each 
animal to serve as a control. Sections from the experimental and normal 
muscles were always incubated in the same substrate solution for exactly the 


same length of time. cai 


Koelle, G. B. & Friedenwald, J. 8. (1949). Proc. Soc. exp. Biol., N.Y., 70, 617-622. 
Snell, R. S, & McIntyre, N. (1966). Brit. J. exp. Path. 37, 44-48. 


The antagonism between magnesium and calcium at the neuro- 
muscular junctions of the rat diaphragm. By D. H. Pavt. 
Department of Physiology, King’s College, London, W.C. 2 

Magnesium ions, in concentrations of 15-25 mm, have been shown to block 

synaptic transmission in the superior cervical ganglion of the cat (Hutter & 

Kostial, 1954) and neuromuscular transmission in the frog’s sartorius muscle (del 

Castillo & Engbaek, 1954). In both of these investigations the authors were able 

to relieve the block by adding calcium ions to the perfusing or bathing fluid. 

It is now shown that the isolated diaphragm of the rat responds to 
magnesium and calcium ions in a similar fashion. A modified form (Paterson, 
personal communication) of the conventional Biilbring preparation (Biilbring, 

1946) was used. The tissue was suspended in Krebs’s solution (Krebs & 

Henseleit, 1932) and stimulated through the nerve at a frequency of 

16 impulses/min, each of 200 sec duration. 

Addition of 0-5 m-mole Mg*+ to the bath (bringing the concentration of 

Mg*+ to 9-5-11 mm) is usually sufficient to give a complete neuromuscular 
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block, although the muscle still responds vigorously to direct stimulation 
using impulses of 2000 sec duration. 

If 0-2-0-5 m-mole Ca*+ is now added to the bath (bringing the concentra- 
tion of Ca?+ to 6-6-12-6 mm) after the block has taken place, the preparation 
partially recovers, and contractions of some 50-80% of the original height are 
obtained. After maximal recovery has been reached, addition of further Ca*+ 
ions depresses the preparation. An amount of calcium sufficient to relieve the 
magnesium block depresses the preparation if added alone. 

These experiments are in agreement with the hypothesis advanced by del 
Castillo & Engbaek (1954) that release of acetylcholine at neuromuscular 
junctions depends on a balance of calcium and magnesium rather than on 
their absolute concentrations. The depressive actions of calcium are probably 
due to the effect that this ion has, in common with magnesium, upon the 
excitability of end-plates and muscle fibres (del Castillo & Engbaek, 1954). 


REFERENCES 
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Excretion and fate of the pressor fraction of vasopressin injected 
into rats. By 8. E. Dicker and Joan Nunn. Department of Pharma- 
cology, University College, London, W.C. 1 

Intravenous injections of graded doses of vasopressin (Pitressin, Parke Davis 

and Co.) into anaesthetized rats results in graded rise in blood pressure 

(Dekanski, 1952) of graded duration. Both these responses are relatively 

smaller in eviscerated and nephrectomized rats. However, the pressor 

response is likewise smaller in sham-operated rats. After the intravenous 
injection of vasopressin, the rate of disappearance of pressor activity from the 
blood is the same in control rats, in nephrectomized and in eviscerated rats. 

Control rats, in ethanol anaesthesia, excrete in their urine 21-0 + 1-87 % (22) of 

the pressor activity injected. After evisceration, however, no pressor activity 

could be detected in the urine following administration of up to 120 m-u. 

With larger doses (up to 1000 m-u. infused over 1 hr) the urinary excretion 

of pressor activity is of the order of 5%. 

When the urine of control injected rats, with its content of 21% of the 
pressor activity of the administered drug, is injected into control rats, 60°% of 
it is excreted. However, when the urine of eviscerated infused rats, with its 
content of 5%, of the pressor activity of the administered drug, is injected 
into control rats, 20% of it is excreted. Moreover, when the urine of evis- 
cerated infused rats, with its content of 5% of the pressor activity of the 
administered drug, is injected into eviscerated rats, 5% of it is excreted. 
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It is suggested that administration of vasopressin to eviscerated rats leads 


_ to the excretion of unchanged vasopressin. On the other hand, the ad- 


ministration of vasopressin to control rats leads to its transformation, 
presumably by the liver, into a product which is different from the administered 


drug, as it appears to be more readily excreted than vasopressin. 


REFERENCE 
Dekanski, J. (1952). Brit. J. Pharmacol. 7, 567. 


Errors in the analysis of respiratory gases by infra-red absorption. 
By P. W. Ramwewi. Department of Anaesthesia, University of Leeds 


_ Some of the errors which may be associated with the determination of carbon 


dioxide concentration in an infra-red analyser* arise from (a) the presence of 


_ water vapour, and (6) the nature of the diluent gas or gases. The error arising 


from the presence of water vapour is not large, and if the diluent gas possesses 
absorption bands similar to those of carbon dioxide, any effects it might 
produce can be prevented by using a tube containing the gas and placing it 


_ between the radiating source and the analysis cell as an optical filter. 


An error more difficult to overcome arises because the carbon dioxide 
absorption bands may be broadened by collision between the molecules of 
carbon dioxide and the diluent gas (Coggeshall & Saier, 1947). The degree of 
broadening depends upon the collision frequency determined by the concen- 
tration and by the size and velocity of the diluent gas molecules and of the 
moment of inertia of the carbon dioxide. A broadening of the absorption 
bands to infra-red radiation leads to an increase in the optical density of the 
gas being estimated without any increase in the number of molecules present. 

A discrepancy between the absorption by carbon dioxide in oxygen and in 
nitrogen has already been noted by Stow (1952). This has been confirmed and 


- the effect produced by other diluent gases has been investigated. Thus a 


5% (v/v) mixture of carbon dioxide in oxygen is estimated as 5-4% in an 
infra-red analyser if the oxygen is replaced by nitrogen. If air is used as the 
diluent, the apparent concentration by infra-red analysis is almost 5-4 %,. 

If carbon dioxide is estimated in the presence of commonly used anaesthetic 
gases, e.g. ether, nitrous oxide, cyclopropane, the error is even larger. A 5% 
carbon dioxide mixture in nitrous cxide will read as 6-2°% and in cyclo- 
propane as 6-7 %,. There is not a linear relationship between the concentration 
of the diluent gas and the alteration in the apparent concentration of carbon 
dioxide. Thus a 5% mixture of carbon dioxide in oxygen registers 6-2°% when 
the oxygen is replaced by nitrous oxide, and 5-8°% when repent by a 50% 
mixture, not 56% as one might have expected. 

The errors may be minimized, however, by the choice of appropriate cali- 
brating mixtures. The errors due to anaesthetic gases are not as great as they 

* Model SC, Infra Red Development Company. 
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would appear to be at first sight because the gases are usually diluted with 
about 40% oxygen in the case of nitrous oxide and about 50-80% oxygen 
in the case of cyclopropane. 

The cost of this research was defrayed in part by a grant from the Medical Research Copncil. 
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The influence of local temperature on successive sustained con- 
tractions. By A. R. Linp and M. Samvuetorr. Medial Research 
Council Unit for Research in Climate and Working Efficiency, Department 
of Human Anatomy, Ozford, and Medical Research Council Laboratories, 
Hampstead, London 

Bujas & Petz (1954) showed that when the arm muscles were repeatedly 

fatigued by sustained contractions, there was a decrement in the endurance 

time which was dependent on the time allowed for recovery between successive 


Time taken to fatigue (sec) 


j i j i 4 
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Successive contractions 


Fig. 1. The length of endurance time for successive contractions under various experimental 
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contractions. Nukada (1955) showed that for a single sustained contraction to 
fatigue, the endurance time was longer after pre-cooling than after pre-wariing 
the arm by immersing it in water at different temperatures. 

A series of experiments has been carried out to investigate the effects on 
successive sustained contractions of immersing the arm in water at 18° C or 
34° C with either 7 min or 20 min allowed for recovery between efforts. 

The results (mean values from four subjects, Fig. 1) confirmed that a single 


— contraction to fatigue was longer at a water-bath temperature of 18° C than 


at 34° C. In the water bath at 18° C the results obtained with the two different 
recovery periods follow the expected pattern, but when the water bath was at 
34° C the contractions after 20 min recovery were no different from those with 
7 min recovery. It appears that the effect of immersion of the arm in warm 
water at 34°C is to reduce both the performance of, and recovery after, 
sustained contractions. — 
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The importance of the reaction at both interfaces in facilitated 
transfer. By Frepa Bowyrr* and W. F. Wippas. Department of 


Physiology, King’s College, London, W.C. 2 
In interpreting results of the effect of inhibitors on the hexose transfer in red 
cells it is necessary to postulate either (a) an asymmetrical membrane 
(Wilbrandt, 1954), or (6) that the hexose adsorbing sites on both sides of the 


- membrane must be involved in the transfer even when this is unidirectional. 


In experiments in which the entry and exit of glucose have been compared 


over the same concentration range (40-80 mm) we have confirmed that the 


entry appears faster than the exit by about 40%. (The discrepancy reported 


by Wilbrandt, Frei & Rosenberg (1956) was of the order of 75%.) The higher 
rate of glucose entry is partly due to the use of approximations in the kinetic 
equations used and in our experiments is reduced to 12% by the use of fuller 
equations. Similar results with sorbose differ by about 15%, the same order 


of magnitude as the experimental error. 
In view of these results it is important to consider the effect of the second 


possibility (b) above. In experiments in which the unidirectional outward 
movement of glucose was measured in the presence of either urethane or 
polyphloretin phosphate (both competitive inhibitors but the latter unable to 


* Now at Zoology Department, King’s College; formerly in receipt of a personal grant from 
the Medical Research Council. 


x 
_* 
« 
3 
he. 


14P PROCEEDINGS OF THE PHYSIOLOGICAL 


penetrate the cell), a greater degree of inhibition was observed than in the 
more usual ‘entry’ experiments which determine net transfer. In these uni- 
directional experiments the outside glucose concentration was negligible and 
glucose could not competitively displace the inhibitor from the hexose 
adsorbing sites on the outer cell interface. If this fact is provided for in the 
kinetic treatment the difference in inhibition in the two cases can be accounted 
for without assuming asymmetry. This view is corroborated by the fact that 
sorbose entry and sorbose exit are both inhibited to a similar degree by 
polyphloretin phosphate. 

The results suggest that reactions at both interfaces are essential to facili- 
tated transfer even when measuring unidirectional fluxes. 


REFERENCES 
Wilbrandt, W. (1954). Symp. Soc. exp. Biol. 8, 136. 
Wilbrandt, W., Frei, 8. & Rosenberg, Th. (1956). Hap. Cell Res. 11, 59. 


Some studies on potentiation after rest in the isolated rat ventricie 
preparation. By P. G. Biscurrz and R. L. Srerrs. Department of 
Physiology, King’s College, London, W.C. 2 


When isolated cardiac muscle is rested after a period of stimulation further 
stimulations produce contractions of increased amplitude, that is, potentiation 
is shown after rest, 


A B 
Fig. 1. A, normal Krebs’s solution (145 mm sodium) at 38°C. Basal stimulation frequency = 
12/min. Rest periods =60 sec. B, low sodium Krebs’s solution (93 mm sodium) at 33° C. 
Basal frequency =12/min. Rest periods = 60 sec. 


With the isolated rat ventricle preparation (McDowall, Munro & Zayat, 
1955) we have investigated some of the factors which influence this potentia- 
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tion, in particular the effects of altering the composition of the medium. Both 
_ isotonic and isometric recording systems have been used. 

It has been found that the height of the initial contraction after a rest pause 
is related to (a) the duration of this pause, (b) the frequency of stimulation 
preceding the rest pause (Fig. 1.4), and (c) the duration of the period of 
stimulation. Rosin & Farah (1955) obtained similar results with rabbit 
auricles in Locke’s solution. 

Reducing the sodium chloride of the medium to 68 mm abolishes the 
potentiation provided that the stimulation after rest is of low frequency 
(Fig. 1B) and reduces it if the frequency is high. This effect is maintained for 
several hours and is shown even when the change from the normal Krebs’s 
medium to the low sodium solution is made during the rest pause. Increasing 
calcium to 7-5 mm or potassium to 8 mm reduces the potentiation. Increasing 
the potassium to 10 mm gives the normal response. No marked alteration of 
the potentiation response is produced by alterations in temperature or by 
decreasing potassium, increasing sodium, increasing or decreasing bicarbonate, 
phosphate, chloride, sulphate or magnesium. 

We suggest that the potentiation is associated with the cellular activity 
preceding the rest pause and is in some way related to the sodium gradient 
between intra- and extracellular fluids. 


REFERENCES 


McDowall, R. J. S., Munro, A. F. & Zayat, A. F. (1955). J. Physiol. 180, 615-624, 
Rosin, H, & Farah, A. (1955). Amer. J. Physiol, 180, 75-82. 


_ The conditions which favour spontaneous activity of the isolated 

ventricle strip. By J. J. Jones and R. J.8. Department 

of Physiology, King’s College, London, W.C. 2 

_ When the rat ventricle strips are set up in normal Krebs’s solution at 33° C, 

_ only a small proportion beat spontaneously (McDowall & Zayat, 1952). The 

changes which favour spontaneous activity have been investigated. 

_ The favourable changes in the Krebs’s solution are as follows: rise in pH 
(between 7-4 and 8-6); change in the sodium ion concentration (between 80 and 

- 120% of normal); reduction of the potassium ion concentration (between 15 

- and 90% of normal); reduction of the calcium ion concentration (between 25 


- and 75% of normal); reduction of the magnesium ion concentration (between 


_ 0 and 75% of normal); large rises or falls in osmotic pressure produced with 
_ sucrose (between 60 and 170% of normal). 

_ Soaking the preparation for 20 min in twice-normal-potassium Krebs’s 
solution and then transferring to half-normal-potassium Krebs’s solution is 
particularly effective in producing spontaneous activity. This suggests that 


‘ 
4 > 4 
AS 
ig 
> 
J 
4 
< 
4 
4 
7 


16P PROCEEDINGS OF THE PHYSIOLOGICAL 


a high intracellular potassium ion concentration with a low extracellular 
potassium ion concentration favours spontaneous beating. This condition is 
presumably associated with a high resting potential. 

Soaking the preparation for 20 min in 80%-normal-sodium Krebs’s solution 
and then transferring to 120 %-normal-sodium Krebs’s solution also stimulates 
spontaneous activity. This suggests that a low intracellular sodium ion 
concentration with a high extracellular sodium ion concentration favours 
spontaneous activity. 

Other changes which favour spontaneous activity are: rise in temperature 
(between 16 and 43° C); stretching the preparation by increasing the tension 
by 5-15 g, which increases its length by 5-15%. If the spontaneous beating 
is arrested with acetylcholine (4 g/100 ml.), stretching the preparation 
may restart the beating; adrenaline and noradrenaline (0-2 »g—1 mg/100 ml.) ; 
deoxycorticosterone glucoside (Percorten 4-10 mg/100 ml.) ; veratrine (1-2 mg/ 
100ml.; barium chloride (20 ug—-20 mg/100 ml.); scillaren B (0-2-1 mg/100 ml.) ; 
ascorbic acid (2-20 mg/100 ml.). 

Stretching the muscle fibres, veratrine and deoxycorticosterone all increase 
the intracellular potassium ion concentration and reduce the intracellular 
sodium ion concentration (Hercus, McDowall & Mendel, 1955; Mendel, 
unpublished). 

The various changes. do not invariably produce spontaneous activity in the 
quiescent strip, but if it is so beating, they will enhance its activity. Adrena- 
line and veratrine are the most effective in initiating a sustained rhythmicity. 
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The double array of filaments in striated muscle: further electron- 
microscope observations. By H. E. Huxury. of 
Biophysics, University College, London, W.C.1 


Previous electron-microscope observations (Huxley, 1953) of thin sections of 
striated muscle from rabbit provided strong evidence that the contractile 
structure is built up of two different types of longitudinal filaments, arranged 
in a very regular compound hexagonal array. Evidence has been given 
(Hanson & Huxley, 1953) that the filaments of one type (the thicker ones), 
contain myosin and are restricted to the 4-bands, each filament extending 
from one end of the A-band to the other, and that the other filaments (which 

are thinner) contain actin and extend from the Z-lines to the edge of the 
annie so that they partly overlap with the first array of filaments. It has 
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; been shown (Huxley & Niedergerke, 1954; Huxley & Hanson, 1954) that the 


changes in the pattern of striations which occur when the muscle contracts or 
is stretched can be attributed simply to a sliding movement of the two arrays — 
of filaments, the filaments themselves remaining at approximately constant 


length over a considerable range of muscle lengths, 


The view that a double array of filaments exists has been disputed by a 
number of electron-microscopists, notably Hodge (1956), Spiro (1956). and 
Sjéstrand & Andersson (1956). Their objections centre around the fact that 
they have been unable to observe the double array of filaments in longitudinal 
sections of muscle; and they have sought to provide alternative explanations 
for the appearance of muscle in cross-section. 

Using improved staining and sectioning techniques, it has now been found 
possible to observe the double array of filaments directly in longitudinal 
sections of muscle examined in the electron-microscope; it appears that 
previous attempts were unsuccessful because the sections used were too thick. 
The thick and the thin filaments can now be seen consistently lying side by 
side; and cross-bridges occur between them in a fairly regularly disposed 
manner with an axial periodicity of about 400 A. The observations also reveal 
large differences in the extent of overlap of primary and secondary filaments 
when comparing stretched, unstretched, and contracted muscle, of the kind 


_ to be expected on the basis of the sliding-filament model. 


The differential action of hypertonic solutions on the twitch and 
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action potential of a muscle fibre. By A. L. Hopexm and 
P. Horowrcz.* Physiological Laboratory, University of Cambridge 


_ If a single muscle fibre from the frog’s semitendinosus muscle is immersed in 
: a Ringer’s fluid of about 2} times the normal osmotic pressure, the twitch 
declines to 5-10% of its normal value within about 1 min. When normal 
_ Ringer’s fluid is restored the twitch recovers, again within about 1 min. If the 
_ fibre is left in the hypertonic solution, there is a further slow decline in twitch 
tension and after 15-90 min there is often no detectable mechanical response 


: (i.e. <0-5% normal). Nevertheless, such fibres are electrically excitable and 


* National Research Council Fellow. 
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conduct an action potential. This is illustrated by Fig. 14 which gives the 
spike recorded from an internal electrode in a fibre equilibrated with a Ringer’s 
fluid containing 270 mm-NaCl instead of the normal 120 ma. The absence of 
tension is shown in record B. On replacing normal Ringer’s fluid, the twitch 
reappears within a few sec. Records C and D show the action potential and 
mechanical response recorded about 3 min after restoring normal Ringer’s 
fluid. 

At a time when a hypertonic solution has abolished the twitch, a muscle 
fibre may still develop some tension in response to a train of spikes or to the 


Fig. 1. Electrical (A, C) and mechanical (B, D) responses of a single muscle fibre recorded with an 
internal electrode and a transducer; left, in hypertonic, right, in normal Ringer’s fluid. 
Temperature, 20° C; fibre diameter, 140 p. 


application of KCl (270 mm). When stimulated at 50-125/sec, the tension 
rises along a markedly S-shaped curve to a steady value equal to about one- 
third of the normal tetanus tension. 


The electrical properties of a crayfish synapse. By E. J. Fursuran 
and D. D. Porrmr 


Quantitative and qualitative differences in the inhibition of the 
guinea-pig small intestine produced by sympathomimetic 


optical isomers. By A. B. Wison. Department of Pharmacology, 
King’s College, London, W.C. 2 | 


Dixon (1908) observed that naturally occurring or laevorotary adrenaline from 
the adrenal medulla was approximately twice as active as synthetic racemic 
adrenaline in producing a rise of arterial pressure, and he concluded that the 
dextrorotary isomer was inactive. Cushny (1908) came to the same conclusion, 
but after Flicher’s (1909) successful resolution of racemic adrenaline, he (1909) 
was able to show that D-adrenaline had approximately +; to i the activity of 
L-adrenaline. This differing activity of the two stereoisomeric forms has been 
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widely confirmed. In addition, epinine, the 8-deoxy- derivative of adrenaline, 
has been shown to possess approximately the same activity as D-adrenaline 
(Dale, 1910), and considered from a stereochemical view-point, will present a 
similar face to the receptor (Kasson & Stedman, 1933; Blaschko, 1950), and 
should be equivalent physiologically. Generally, it has been tacitly assumed 
that epinine and the two adrenaline isomers occupy the same receptors in the 
body, and differ only quantitatively in their effects. 

Present results were obtained from a study of sympathomimetic inhibitory 
function in the guinea-pig small intestine, using the accepted principle of 
preliminary stimulation of smooth muscle tone with drugs such as histamine 
or methacholine. When the intestine has been made to respond to the spas- 
mogen in uniform fashion, a constant relation is found between dose of 
inhibitor and the response produced. Comparison of epinine and the two 
optical isomers of adrenaline under these conditions shows that, as expected, 
very much smaller quantities of L-adrenaline are needed to produce a given 
amount of inhibition. Also, the nature of the response to L-adrenaline is quite 
different from that produced by p-adrenaline or epinine, so revealing, in 
addition, a well-marked qualitative difference. Results indicate that 
p-adrenaline and epinine differ from L-adrenaline in a similar manner, both 
quantitatively and qualitatively. 

The expenses of this investigation were, in part, defrayed by a grant from the Medical Research 
Council. 
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The action of Polymyxin E on the neuromuscular junction. By 
G. Browntzr. Department of Pharmacology, King’s College, London, 
W.C. 2 

Polymyxin E produces reversible paralysis of the isolated diaphragm pre- 

paration without any delay in onset: in doses of 5-10 times those of tubo- 

curarine its action proceeds more slowly. The paralysis is the result of neuro- 
muscular block: bathing the phrenic nerve trunk, with stimulating electrodes 
attached, in a small bath containing 10 times the paralysing concentration of 
drug isolated from the main preparation, produced no changes in the con- 
traction of the muscle. Also, when paralysis to nerve stimulation is complete 
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in the presence of Polymyxin E the muscle responds normally to direct 
electrical stimulation. The action is reversed after washing. 

Its action resembles tubocurarine in summating with it, and in the reversal 
seen with KCl (10 mg/ml.); it differs in being irreversible with eserine 
(0-2-1 pg/ml.) and neostigmine (0-02-0-1 yg/ml.). 

Its action resembles degamethonium in summating with it and in its part 
reversal with hexamethonium (10-25 yg/ml.). 

When the diaphragm preparation is completely paralysed with Polymyxin E, 
liberation of acetylcholine on motor nerve stimulation remains normal. 
A sector of the diaphragm, with phrenic nerve attached, but without ribs, is 
suspended in a 7-5 ml. bath. After contracting at 15/min in Krebs’s fluid with 


TaBLE 1. Output of ACh on stimulation of normal and Polymyxin E 


paralysed rat diaphragm preparations 
Output ACh, ng/20 min 
Before hr after 
Polymyxin E  _Paralysed washing 
45 50 55 
50 40 — 
35 45 40 
55 60 — 
60 75 


Acetylcholine was assayed on the blood pressure of the eviscerated cat (chloralose 80 mg/kg; 
mepyramine 1 mg/kg; dextran sulphate 0-5 ml.; neostigmine 30 ng/kg). 


95% O, and 5% CO, containing 10~* neostigmine for 30 min the fluid was 
replaced twice. The nerve was then tetanized at 50/sec for 20 min, the fluid 
immediately withdrawn and assayed. The nerve was again stimulated at 
15/min in fresh fluid for 5 min and the procedure repeated. Polymyxin 
(20 »g/ml.) was now added and when paralysis was complete (12 min) the 
stimulation and the assay were repeated. 

During the neuromuscular block caused by Polymyxin E the motor end- 
plates are insensitive to acetylcholine introduced by close intravascular 
injection in the preparation described by Burgen, Dickens & Zatman (1949). 


REFERENCE 
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Critical closing pressure in the human finger. By I. C, Roppre and 
J. T. SHEPHERD 


Humoral vasodilatation in the forearm during voluntary hyper- 
ventilation. By I. C. Roppm, J. T. SHeruerp and R. F. WHELAN 
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A method for obtaining simultaneous samples of venous blood 
from the brain, and arterial blood, in conscious rabbits. By 
R. Ropnieut and M. A. Tresizz.. Department of Biochemistry, Institute 
of Psychiatry (British Postgraduate Medical Federation, University of 
London), Maudsley Hospital, S.E.5 

In a preliminary operation with the rabbit anaesthetized, a Perspex cannula- 


holder (Fig. 1, A) is inserted into the cranium. The dura overlying the junction 
of the superior longitudinal and lateral venous sinuses (torcula) is exposed 


0:75 mm bore polythene 


Fig. 1. Sagittal section of the torcula region of rabbit head with cannula-holder in position, 
together with accessory parts. Only one of the three stainless steel screws is shown; the 
others are placed on either side of the mid line in front of the holder. 


through a hole in the bone, which is made just large enough to enable the 
holder to be screwed into it without the use of excessive force. The holder 18 
sealed into position by a layer of autopolymerizing acrylic resin (B), which 
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is firmly anchored to the cranium by three stainless steel screws (C) inserted 
into the bone before the application of the resin. The skin is sutured round 
the neck of the holder and the animal allowed to recover for 2-3 days. During 
this period the dura is protected by a plug of sterile cotton-wool and paraffin 
(D) and a loosely fitting Perspex stopper (Z), held in position by a screw (F). 

To sample cerebral venous blood, (#) and (D) are removed and the dura 
is anaesthetized with procaine. A fine-pointed knife, fitted with an adjustable 


stop (@), is used to open the sinus. Blood is withdrawn into siliconed syringes ~ 


or directly into ice-cold precipitating agent, through a polythene cannula 
(bore 0-75 mm) fitted with a Perspex sleeve (H), which accurately fits into 
the holder. Simultaneous samples of arterial blood are obtained from a 
polythene cannula inserted into the posterior auricular artery at the base of 
the ear. Clotting during withdrawal is prevented by intravenous injection of 
heparin (1500 i.u./kg). 

A particular advantage of the method is that blood may be withdrawn 
whilst the animal is under the minimum of restraint. Up to 15 ml. of blood 
from each source may be obtained, and sampling can be repeated a day or 
so later, when the other ear is used for the arterial specimen. 


We wish to acknowledge with thanks suggestions made by Professor G. W. Harris and Dr Mary 
Lockett, and support for this work from the Medical Research Council. 


An air-tight box for exposing dogs to gas mixtures. By EsTHER 
M. and V. Marcuant. Department of Physiology, Royal 
Free Hospital School of Medicine, London, W.C. 1 


The box is constructed of sheet steel, and is of approximately 350 1. capacity. 
It is provided with observation windows and a door that is screwed tightly 
on to a thick rubber washer. A fan circulates the gas mixture inside the box, 
drawing the gas through a tray containing CO, absorbent. Two small openings 
serve for sampling the contained gas mixture, and for supplying oxygen 
through a water valve to replace that utilized by the dog. 


A method for perfusion of the left lung in the anaesthetized cat. 


By 8. D. and Heten N. Duke. Department of Physiology, Royal 
Free Hospital School of Medicine, London, W.C. 1 


The study of pulmonary vasomotor nerve and reflex activity may demand a 
preparation in which the circulation of blood in the pulmonary blood vessels 
is under controlled conditions while the central nervous system remains intact. 
This method has been adapted from that used for the dog (Daly & Duke, 1948) 
and has been fully described (Duke, 1954). Cats are anaesthetized with 
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chloralose (0-1 g/kg) intraperitoneally. The trachea is cannulated and venti- 
lation performed by intermittent positive pressure. The chest is opened in 
the mid line of the sternum and held widely retracted. After securing the 
bleeding points the animal is heparinized. The pericardium is opened and the 
right auricle cannulated. The left pulmonary artery is cleared intraperi- 
cardially, ligated and cannulated. Perfusion of the left pulmonary artery is 
performed at constant volume inflow using a Dale-Schuster pump which 
obtains its blood from the right auricle. 

Left pulmonary arterial pressure is recorded from the tubing between the 
pump and the artery. Left auricular pressure can be measured, varied or 
maintained constant. 
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Factors influencing the action of neuromuscular blocking sub- 
stances. By J. M. Mactacan and Eveanor Zarmis 


Some observations on the mechanisms controlling the release of 
ACTH. Jenny R. Hopegs 


Simultaneous measurement of oxygen consumption, rectal and 
skin temperatures in the new-born kitten during hypoxia. 


By R. E. Moors. Department of Physiology, Royal Free Hospital School 
of Medicine, London, W.C. 1 


The effects of hypoxia in depressing oxygen consumption and deep body 
temperature in the new-born puppy and kitten have been briefly described 
(Moore, 1956a-c). The methods used will be demonstrated. 
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_ A metabolism tray for cats. By J. P. Greaves 


Electrodes for class use. By Sreruen D. 
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Adaptation of gustatory sweating in man. By E. M. Giaser* and 

T. 8. Lex. Department of Physiology, University of Malaya, Singapore 
If chillies, which contain capsaicin, are placed into the mouth of a healthy 
person in a warm environment, sweating of the face results (Lee, 1954). This 
has now been investigated in the light of claims that in an intact organism 
the repetition of a stimulus will alter the responses to that stimulus (whether 
the responses be of a reflex nature or not), as a result of a central nervous 
mechanism of habituation (Glaser & Whittow, 1953, 1957). 

Two subjects chewed identical amounts of chilli paste every day for three 
periods of 4 min at intervals of 1 min under controlled conditions, and the 
number of sweat glands secreting was counted in a precisely defined area of 
their foreheads (Lee, 1954). Secretion of sweat in response to chillies almost 
disappeared in one subject after 12 days, and it was markedly reduced in the 
other subject after 21 days. At the same time, there was a diminution of 
the amount of saliva produced while the chillies were being chewed and a 
lessening or abolition of the burning sensation in the mouth. When adaptation 
was established, the number of sweat glands responding to the chewing of 
chillies increased again after administration of 50 or 100 mg of chlorpromazine 
hydrochloride by mouth. There was no clear relationship between the amount 
of pain experienced, the amount of saliva produced and the number of sweat 
glands secreting in response to chillies, and the findings confirmed the suggestion 
that different responses to identical stimuli may adapt at varying rates 
(Glaser & Whittow, 1957). The results also support the suggestion that 
chlorpromazine hydrochloride may inhibit habituation (Glaser & Newling, 
1955). 
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Cardiac output in the cat; a comparison between the Fick method 
and a radioactive indicator dilution method. By K. W. Cross, 
A. C. Groom, R. F. Morrram and 8. Rowtanps. Departments of Physics 
and Physiology, St Mary’s Hospital Medical School, London, W. 2 


The method of measuring cardiac output without arterial sampling (Groom & 
Rowlands, 19564, b) was compared with the direct Fick method in cats 
anaesthetized with chloralose. The indicator used was ™ human serum 
albumin (Groom & Rowlands, 1957; Groom, Morris & Rowlands, 1957). 
For the Fick determinations mixed venous blood was taken through a poly- 


* Present address: Departmentof Physiology, The London Hospital Medical College, London, E.1. 
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thene cannula inserted into the right ventricle via the right external jugular 
vein, and arterial blood was taken from the femoral artery. Oxygen consump- 
tion was measured in a closed circuit by a conventional float recorder. The 
air was circulated by a Starling ‘Ideal’ pump and the carbon dioxide was 
absorbed by soda-lime. 

In the first three experiments each indicator determination of cardiac 
output was followed, 3-10 min later, by a Fick determination. Arteriovenous 
oxygen differences were measured by a Haldane blood-gas analysis apparatus. 
Kach of these measurements required 6 ml. of blood and this blood loss pro- 
duced a marked fall in arterial pressure during the withdrawal and considerable 
changes in the cardiac output of the animal. Comparison showed that there 
was no systematic deviation from unity in the ratios of the cardiac outputs 
derived from the two methods, but the standard deviation of the ratios was 
nearly 30%. Accordingly, in two later experiments the arteriovenous oxygen 
differences were measured by a micro-method (Roughton & Scholander, 1943) 
requiring only 0-6 ml. of blood altogether for duplicate observations on each 
sample. The withdrawal of the blood was started 15-20 sec after the injection 
of the radioactive indicator and was complete 5-15 sec later. The arterial 
pressure was now not affected by the withdrawal of samples and the variations 
in cardiac output were greatly reduced. In the two experiments fifteen com- 
parisons were made (see Table 1). The standard deviation of the ratios was 


TABLE | 
Cardiac output (ml. min) 
Weight Indicator Fick Number of 
(kg) method method comparisons 
Expt. 3-4 204+ 13 317414 5 
Expt. 2 2-0 298+17 282+ 31 10 


less than 10% and the deviation from unity of the ratios was not statistically 
significant in either experiment. The results of the two experiments have 
therefore been pooled and the over-all ratio of the cardiac outputs derived 
from the two methods is 1-02 (s.z. mean 0-03). 


The authors thank the Royal Society for a grant to one of them (8. R.). 
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An action of oxytocin on the cardiovascular system. By Mary F. 


Lockett. Department of Physiology and Pharmacology, Chelsea Polytechnic, 
London, 8.W. 3 


Pitocin (Parke-Davis), which may contain 4°% vasopressin, was used in all 
these experiments. In male cats, rested for 1 hr after being made spinal, 
Pitocin 1-0 m-u./kg 1.v. caused transient potentiation of the submaximal 
pressor responses to the 1.v. injection of adrenaline and noradrenaline, but 
did not effect those of the heart rate or the nictitating membrane. Pitocin 
1-0 m-u./kg 1.v. similarly potentiated the pressor effects of submaximal 
splanchnic stimulation, but only in the presence of an ipsilateral adrenal. 
Pitocin increased the effect, but not the amount, of adrenal medullary 
hormone liberated when the splanchnic nerve was stimulated. The next 
experiments showed this action to be exerted predominantly on the heart 
itself. 

Blood for perfusion circuits was collected from spinal male cats which had 
been acutely sympathectomized, then rested for 1 hr. This blood therefore 
contained minimal concentrations of oxytocin and of sympathomimetic 
amines. In heart-lung preparations made in spinal male cats, 1-0 m-u. 
Pitocin/50 ml. of circulating blood lowered the threshold for the actions of 
adrenaline and noradrenaline on heart size and on its force of contraction, 
but did not alter their actions on heart rate, oxygen uptake, and coronary 
flow. Increase in the amount of Pitocin added to the circulating blood in- 
creased the duration rather than the degree of its action. Both isolated 
auricles and the driven papillary muscle of cats were sensitized to the actions 
of these amines on their force of contraction by Pitocin 0-01 m-u./70 ml. 
By contrast, Pitocin added to the circuit blood perfusing the hind limbs of 
spinal cats in concentrations up to 10 m-u./50 ml. appeared to be without 
action on the blood vessels. No effect of Pitocin was demonstrated on the 
amine oxidase of liver, the choline esterases of blood, or the choline acetylase 
system of brain when concentrations up to 0-1 m-u./ml. were used. However, 
0-005 m-u. Pitocin/50 ml. was found sufficient to potentiate potassium 
depression, both of driven papillary muscle and of the rat phrenic nerve- 
diaphragm preparation. The action of Pitocin on the heart is therefore 
attributed to induced changes in ionic fluxes. Some support for this hypothesis 
is given by the previous work of Brooks & Pickford (1956) on the effects of 
posterior lobe hormones on the excretion of Na in the dog. 


REFERENCE 
Brooks, F. P. & Pickford, M. (1956). J. Physiol. 181, 33-34. 
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The reaction of natural and reconstituted myoglobins with carbon 
monoxide. By Q. H. Greson and M. H. Smrrx. Department of 
Biochemistry, University of Sheffield 

Although comparisons of the crystal habit and absorption spectra of natural 

and reconstituted myoglobin have shown that the two materials are in these 

respects identical (Drabkin, 1945), the function of the reconstituted pigment 
in combining with gases has not been examined. 

The use of flash photolysis (Gibson, 1956) has allowed us to examine the 
rate of combination of the natural and reconstituted proteins with CO. The 
rate has been found to be the same within the limits of experimental error, 
although some specimens have shown the presence of more slowly reacting 
material. 

The agreement between the rates for the natural and reconstituted materials 
has made it possible to examine the effect of altering the prosthetic group; 
and we have compared reconstituted specimens containing protohaem with 
specimens containing deuterohaem. (This compound has the same nucleus 
as protohaem, but with two hydrogen atoms substituted for the vinyl groups 
at carbons 2 and 4 on the porphyrin ring.) As deuteromyoglobin has not been 
previously described, several derivatives have been prepared. Their spectra 
show a general shift towards the blue of up to 10 or 12 my as compared with the 
corresponding derivatives of protomyoglobin. 

The rate of combination of deuteromyoglobin with carbon monoxide has 
been measured and is about twice as great as that of protomyoglobin examined 
under the same conditions. 

This effect results from a change in two of the side chains in the protohaem 
molecule, but it is not possible to say whether it is due to a direct action 
on the haem iron, or to a difference in the mode of binding of the haem 
molecule to the protein carrier. Model experiments comparing the rates of 
combination of CO with protopyridine haemochromogen and deuteropyridine 
haemochromogen appear to support the latter suggestion. 

This work has been aided by grants from the Medical Research Council and the Royal Society. 


REFERENCES 
Drabkin, D. L. (1945). J. biol. Chem. 158, 721. 
Gibson, Q. H. (1956). J. Physiol, 134, 112-122. 


Visual pathways in the insect nervous system. By R. C. Sartia. 
Dezartment of Zoology, King’s College, Newcastle wpon Tyne 1 
Parry (1947) recorded action potentials in the circumoesophageal commissures 
of the locust in response to visual stimuli. Burtt & Catton (1952, 1954) have 
reported on the large-fibre action potential discharges in the thoracic nerve 
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cord in response to visual stimulation. Evidence since accumulated has 
indicated that these discharges are propagated both ipsilaterally and contra- 
laterally from each eye. Histological studies (Satija, unpublished) of the locust 
protocerebrum have shown the presence of a single large fibre arising from 
each optic ganglion and crossing the mid line to enter the opposite circum- 
oesophageal commissure (Fig. 1). Ipsilateral fibre tracts were also identified, 


Fig. 1. Frontal section of brain and optic lobes of Locusta, showing descending tracts to the 
nerve cord. Reconstructed. C, central body; CP, corpora pedunculata; CV, corpora ventralia ; 
D, deutocerebrum; DF, descending tract from deutocerebrum; EF and EFX, ipsilateral and 
contralateral fibres from optic lobes; LG, MHZ and MI, Ist, 2nd and 3rd synaptic regions of 
optic lobe; ON, ocellar nerve; PF and PF X, ipsilateral and contralateral fibres from corpora 
pedunculata region; 7'F, descending tract from tritocerebrum; 1, 2, 3 and 4, four types of 
incisions given. 


passing downwards from each optic ganglion into the commissure on the same 
side; these fibres were thinner than the crossing fibres and there were several 
on each side. The course of the crossing fibres suggested the possibility of 
confirming their function by simple operative procedures on the living insect. 
Thus incisions were made in the regions shown ((i) to (iv), Fig. 1), and the 
effects on the visual responses were noted. The results were as follows. In- 
cision type (i), in the ventral posterior side of the optic peduncle; the crossed 
responses were abolished. Incision type (ii), in the dorsal anterior side of the 
optic peduncle; the crossed responses were not abolished, but in some cases 
the ipsilateral responses were weaker. Incision type (iii), between the two 
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halves of the protocerebrum ventrally; the crossed responses were abolished 
bilaterally. Incision type (iv), between the two halves of the protocerebrum 
dorsally; no effects on the visual responses were found. It is concluded that 
the crossed visual responses observed in the earlier experimental work are 
propagated by the single large crossing fibres seen in the sections of th 
protocerebrum. 
REFERENCES 
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Electrical oscillations recorded from the olfactory organ. By 
E. D. Aprian. Physiological Laboratory, University of Cambridge 


When an electrode makes contact with the rabbit’s olfactory epithelium it is 
found that stimulation by smell gives rise to potential oscillations like those 
in the olfactory bulb (Adrian, 1955, 1956). It seemed that these must be 
generated in the receptor cells, but further controls have now shown that this 
view is mistaken. 

The oscillations were thought to have a peripheral and not a central origin 
since they could be recorded from the receptor surface after complete des- 
truction of the bulb on the same side and closure of the nostril and partial 
destruction of the bulb on the opposite side. They were absent after complete 
destruction of both bulbs, but it was thought that this might be due to inter- 
ference with the blood supply to the organ. Ottoson (1956) has shown, 
however, that in the frog there is a sustained negativity of the epithelium 
during stimulation. A similar effect occurs in the rabbit (with the much 
smaller oscillations superimposed), and as this is still found after destruction 
of both bulbs it is evident that the organ can still respond. It is now clear 
that closure of the nostril does not prevent the stimulation of the organ on 
that side when the smell is strong and that potentials generated in the remains 
of the bulb on that side can be large enough to be picked up by a lead on the 
other side of the nasal septum. 

The conclusion seems to be that the oscillations, wherever recorded, are 
generated as dendritic potentials in the glomerular region and that they do 
not arise in the receptor layer. 

There is a phase reversal between the oscillations led from the olfactory 
organ and those from the interior of the bulb. There is also a reversal of the 
sustained potential, for this is negative in the organ and positive in the 
interior of the bulb. In this case, however, the negativity of the olfactory 
surface is certainly due to receptor potentials, as Ottoson has shown. 
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The proportionality between the uptake of adrenaline by blood 
platelets and their content of adenosine triphosphate. By 
G. V. R. Born and O. Hornyxtewicz. Nuffield Institute for Medical 
Research, University of Oxford , 

Recently it was found that the amount of 5-hydroxytryptamine (HT) present 

in circulating platelets, and the maximal amount of HT which platelets take 

up from the surrounding fluid im vitro, are proportional to the amount of 

adenosine triphosphate (ATP) which the platelets contain (Born, Ingram & 

Stacey, 1957). 
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We have studied the catechol amines in, and their uptake by, pig platelets. 


Weil-Malherbe & Bone (1954) produced evidence that human platelets carry 
adrenaline and noradrenaline, but Valk & Price (1956) found none. 
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Plasma rich in platelets, obtained from citrated pig’s blood, was centrifuged 
and the sedimented platelets were extracted for catechol amines according 
to Crawford & Outschoorn (1951). Another sample of plasma, to which 
adrenaline or noradrenaline had been added, was incubated at 37°C. The 
platelets were sedimented by centrifugation and extracted for catechol 
amines and ATP. Catechol amines were determined on the rat’s blood pressure 
and ATP was determined by the firefly luminescence method. 

The platelets contained adrenaline (5-8 + 0-88 ng/10® platelets, mean + 
standard error of 14 determinations), but no demonstrable noradrenaline. 
In plasma containing 1 yg of added catechol amine/ml., the platelets took up 
adrenaline but not noradrenaline. The amo. .at of adrenaline taken up reached 
a maximum after incubation for 90-120 min, and the maximum was proportional 
to the amount of ATP in the platelets: this is shown in the figure. After 
maximal uptake, the ATP molecules outnumbered those of adrenaline by 
about seventy to one. 

With 10 wg catechol amine/ml. plasma, noradrenaline was also taken up, 
but only about one-third as much as adrenaline. 

The results, like those obtained earlier with HT, suggest that a constant 
fraction of the total ATP in platelets is concerned with the uptake and binding 
of biologically active amines in the platelets. 
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The need for calcium in the anaphylactic reaction. By J. L. Moncar 
and H. O. Scump. Department of Pharmacology, University College 
London 


When sensitized lung tissue particles are suspended in an isotonic solution of 
NaCl buffered with bicarbonate at pH 8, histamine release following addition 
of antigen (0-1°% egg albumin) is greatly reduced compared with that occurring 
in Tyrode solution. When 0-01 % versene (a Ca-chelating agent) is added to 
the isotonic NaCl, histamine release by antigen is completely abolished. 
Histamine release cannot be restored by adding K or Mg ions to the saline, 
but it is restored by 1 mm-Ca to about 60% and by 10 mm-Ca to about 90% 
of the value in Tyrode. Histamine release by antigen is also abolished when 
the lung particles are suspended in isotonic sucrose, but can be partly 
restored by the addition of Ca to the sucrose solution. It thus appears that 
Ca is essential for histamine release in anaphylaxis, and that the other cations 
present in Tyrode, including Na, are not required. 
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Another important factor is the pH. Histamine release in anaphylaxis is 
optimal when the pH of Tyrode is 7-5-8-0; it is reduced when the pH is 
above 8, and is abolished when the pH is reduced below 6-5. 


Arteriovenous difference in the oxidized and reduced forms of 
glutathione in rabbit blood. By H. Heataer Martin, 
R. Ropnicut and M. A. Trestzz. Department of Biochemistry, Institute 
of Psychiatry (British Postgraduate Medical Federation, U ere of 
London), Maudsley Hospital, 8.E. 5 


This work was prompted by the difficulty of maintaining the mammalian central 
nervous system by perfusion, which appears to have been unsuccessful except 
with very complex mixtures containing, for example, red blood cells pretreated 
by passage through theliver (Geiger, Magnes, Taylor & Veralli, 1954). Inexplana- 
tion of this, arterial and cerebral venous blood in the conscious rabbit have 
been examined for a variety of metabolites, including amino acids, purines, 
and organic bases, sampling by the method of Rodnight & Tresize (1957). 

Glutathione was included in these determinations on account of its very 
rapid metabolism by cerebral preparations (McIlwain & Tresize, 1957 ; McIlwain, 
Martin & Tresize, 1957) and the association of changes in blood levels of 
glutathione with mental illness (Altschule, Siegel & Henneman, 1952). Its 
oxidized and reduced forms were determined by a modified glyoxalase method, 
which was appraised by appropriate control and recovery experiments and 
iodometric titration. Values below refer to micromoles glutathione/ml. whole 
blood; haematocrits showed arteriovenous differences. of no more than 1%. 

In rabbit venous blood from several sources the level of total glutathione was 
found the same as in arterial blood: mean value, 1-3 + 0-123 (s.p. ; 24 specimens) ; 
mean arteriovenous difference, — 0-04 + 0-052 (s.p.; 12 experiments). However, 
the balance between oxidized and reduced forms differed markedly in blood 
from different sources. Thus on passing through the brain, glutathione was 
oxidized: mean arteriovenous difference in the reduced form, 0-28 + 0-12 (s.D.; 
12 experiments). In some other parts of the body it was reduced; thus in blood 
sampled from the vena cava at approximately the level of the diaphragm, the 
reduced form was 0-22 umole greater than in arterial blood. 

Change in this latter sense was found occasionally by Numata (1940). By 
contrast, the present results emphasize the regular oxidation of glutathione 
at the brain. The weight of glutathione so oxidized is two-thirds that of the 
concomitant change in glucose. Basis is also indicated for equally regular 
reduction of oxidized glutathione, elsewhere in the body. 


We are grateful to the Medical Research Council for support for this work. 
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Micro -electrode stimulation of frog skin. By W.T. Catron. Department 
of Physiology, Medical School, King’s College, Newcastle upon Tyne 1 
As an alternative to single-fibre dissections and relatively wide-area stimu- 
lation, recordings were made from the intact nerve leading from the isolated 
calf skin, whilst applying electrical pulses (width 0-2—1-4 msec) via a 20u 
shielded electrode touching the inside or outside surface. A silver plate 
underlying the skin served as indifferent electrode. With stimulation rates 
from 1 to 5/sec the electrode was traversed slowly over the skin, and the 
patterns of response at many sites were recorded. This pattern changed 
rapidly with small electrode traverses; in most cases many responses of 
differing latencies were seen, both for inside and outside stimulation. There 
was no clear evidence of localized responses, except in a few experiments with 
inside stimulation, when localization of responses in the latency range 
2-5-7-5 msec was found for small areas not exceeding 100. square. Histological 
examination failed to reveal any structures of interest in these areas, and no 
conclusions were reached on the nature of these responses. Direct stimulation 
of visible nerve twigs always gave large potentials of latency 1 msec or less; 
these did not fatigue at high stimulation rates. The delayed responses obtained 
when no obvious nerve underlay the electrode, or for outside stimulation, 
fatigued at rates exceeding about 3/sec or less. If these responses originate 
from mechanoreceptors, this rapid fatigue might be a reflexion of the rapid 
adaptation to mechanical stimuli shown by them. The threshold of all the 
delayed responses tended to rise with latency, and increased pulse widths 
were needed to elicit the later elevations. There was no progressive reduction 
in latency with increased stimulus strength, such as occurs with mechanical 
stimulation. An analysis of the latencies measured in all experiments was 
performed by drawing a frequency-distribution diagram. It was found that: 
(a) the responses to inside stimulation extended mainly from <1 to 10 msec, 
being preponderantly in the early range; (b) the outside responses fell mostly 
in the range 2-5-10 msec with a peak at 5-0-7-5 msec. Conclusions were 
drawn as follows. Inside stimulation evokes responses mainly due to direct 
nerve-twig stimulation; outside stimulation evokes responses more selectively 
from the superficial sensory endings. There is probably much overlap between 
the two. The peak of outside latencies at 5-7-5 msec corresponds well with 
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the mean latency value for mechanical stimulation (5-1 msec) given by Gray & 
Malcolm (1951) for the dorsal skin-nerve preparation. A rough estimate of 
conduction time in the intradermal portion of the sensory fibres would be 
4 msec, this being long compared to the conduction time in the nerve trunk 
(1 msec or less) (cf. Maruhashi, Mizuguchi & Tasaki, 1952). 


REFERENCES 


Gray, J. A. B. & Malcolm, J. L. (1951). J. Physiol, 115, 1-15. 
Maruhashi, J., Mizuguchi, K. & Tasaki, I. (1952).. J. Physiol. 117, 129-151. 


Spinal paths influencing visceromotor reflexes. By C. B. B. Downman 
and A. Hussain. Royal Free Hospital School of Medicine, Hunter Street, 
London, W.C.1, and Sherrington School of Physiology, St Thomas’s Hospital, 
London, S.E.1 


In the decerebrate cat reflex discharges into a lower intercostal nerve follow 
single-shock stimulation of the ipsilateral splanchnic or the adjacent intercostal 
nerve. A conditioning splanchnic-evoked discharge greatly facilitates a sub- 
sequent intercostally evoked submaximal discharge. After spinal cord tran- 
section the individual reflexes are larger (release) and facilitation in the two- 
volley test is changed to depression over the same time course (change-over). 
In acute experiments partial sections of the cord have shown that change-over 
follows interruption of fibres in the dorsal half of the lateral funiculus on the 
same side. Complete release also follows these lesions, but some release, 
without change-over, has followed cuts in any other region of the cord. Cuts 
which caused the change-over did not reduce the extensor rigidity. Lesions 
at supraspinal levels, such as partial or complete decerebellation, extensive 
unilateral or bilateral destruction of the vestibular nuclei, and anaemia of the 
brain stem above the pons, did not alter the reflexes. Transverse cuts across 
the central substance of the lower medulla do cause change-over. 


This work was aided by grants for apparatus to C.B.B.D. from the Central Research Fund of 
the University of London and the Government Grants Committee of the Royal Society. 


The day-to-day variation in individual food intake and energy 
expenditure. By J. V. G. A. Durnin. Institute of Physiology, 
University of Glasgow 

Many theories have been advanced to explain the regulation of the energy 

balance of the human body. Most of these, including the ‘ glucostatic theory’ 

of Mayer (1953) , would appear to imply a fine adjustment between the caloric 
value of the food eaten and the energy expended. However, subjectively 
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many people are probably aware that their intake of food varies quite markedly 
on different days with little apparent relation to differing amounts of energy 
expended. Until recently there was little factual information to confirm or 
refute this subjective impression. 

The daily individual intake and expenditure of calories have been compared 
in four groups of people who differed widely in their ways of life and in their 
total energy expenditure. The mean daily energy expenditures of these groups 
were approximately: (1) 2100-2300 keal (middle-aged and young women); 
(2) 2800 keal (male office clerks) ; (3) 3400 kcal (military cadets); and (4) 3700 
kcal (coal-face miners). In each of the groups there was no significant relation- 
ship between expenditure of calories and the intake of calories on the same 
day, the intake on the subsequent day and the intake two days after. The 
complete scatter in the results of the groups also applied to the results of 
almost all the sixty-six individuals in the groups. 

There was also no pattern in the fluctuations about the mean intake of 
calories over the period measured (7-14 days). 

It is difficult to reconcile these findings with any theory which stipulates 
that the regulation of food intake depends on a fairly rapid reaction to a 
chemical stimulus in the blood. Obviously, however, for individuals whose 
body weight is stable there must be some long-term balance between intake 
and expenditure of energy. 

I wish to thank Dr Robb and Dr Silvey of the Statistics Department of the University of 


Glasgow for a critical appraisal of the statistical significance of the results. This work was 
supported by the Scottish Hospital Endowments Research Trust. 
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The effect of cooling on the hyperaemia following arterial occlusion 
and exercise in the human forearm. By D. R. Coxzs* and 
K. E. Cooper. M.R.C. Group for Research on Body Temperature 
Regulation, Department of the Regius Professor of Medicine, The Radcliffe 
Infirmary, Oxford 
The hyperaemia, which obtained in the forearm following a 5 min period of 
circulatory arrest with the arm immersed in water at 34°C, has been compared 
with that which occurred when the arm was immersed in water at 12°C. 
In the warm water the deep muscle temperature was between 34 and 36°C 
and during immersion in cold water the muscle temperature fell to 20-25°C. 
Cooling the forearm reduced the reactive hyperaemia as demonstrated by 
Lewis & Grant (1925). When the skin circulation was stopped by iontophoresis 
* D. R. Coles holds a Medical Research Council Fellowship in Clinical Research. 
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of adrenaline in the warm arm the hyperaemia was reduced and was further 
diminished by cooling. This implied that the reactive hyperaemia was made 
up of both skin and muscle components. Cooling the limb reduced both. 

A 30 sec period of rhythmic exercise of the muscles of the forearm (approx. 
1-6 kg/m) evoked a hyperaemia which was confined to the tissues deep to the 
skin and was either unaltered, or only slightly reduced by cooling. 
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Reactions of the isolated amnion of the chick suspended in isotonic 
KCl, to acetylcholine and to electrical stimulation. By D. H. L. 
Evans and H. 0. Scump. Departments of Anatomy and Pharmacology, 
University College London 


It has previously been shown that the isolated amnion of the chick contracts 
in response to drugs, electrical stimulation and stretch (Evans & Schild, 1956). 
The membrane, which is about 25, in thickness in embryos incubated for 
12-14 days, consists of an inner single layer of epithelium and an outer thin 
layer of connective tissue containing smooth muscle fibres. When the pre- 
paration is suspended in Sollman & Rademaker’s Ringer’s solution and its 
contractions recorded with an isotonic lever, conducted or non-conducted 
responses may be obtained. A conducted contraction may be demonstrated 
by pinching the edge of the membrane at one end with a forceps, when the 
whole length will respond with a vigorous shortening. 

When the NaCl of the Ringer’s solution is replaced by 0-16 m-KCl, leaving 
the other ions unchanged, the preparation at first contracts but relaxes after 
a few minutes to a base line slightly above the original. When acetylcholine 
is now added to the bath, the muscle responds with a contraction of about the 
Same magnitude as in NaCl-Ringer. The contraction is graded according to 
dose and is readily reversed by washing out the acetylcholine. The response 
to electrical stimulation (50 c/s sine wave) is diminished but not abolished in 
KCl-Ringer. A more prolonged stimulation is now required to produce the 
same effect as in NaCl-Ringer. These responses to acetylcholine and electrical 
stimulation are obtained even after the preparation has been suspended in 
isotonic KCl-Ringer for more than an hour. They can also be obtained in 
Ringer's solution in which the NaCl has been replaced by isotonic K,S0,. 

Although there is ample evidence that a conducted response in nerve and 
striated muscle fibres cannot take place when the membrane polarization is 
decreased below a critical level by an increase in external potassium, much 
less is known about the conditions under which local contractile responses 
are initiated. Kuffler (1946) has shown that local contractures of frog striated 
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muscle are associated with membrane depolarization. It is therefore surprising 
to find that the smooth muscle of the amnion continues to contract in response 
to acetylcholine and electrical stimulation in isotonic KCl. The electrical 
changes which take place during these events are being investigated. 
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Serum protein pattern in normal kittens. By Berry L. Coxzs. 


Department of Physiology, Royal Free Hospital School of Medicine, London, 
W.C. 1 


Ninety kittens bred in the cat colony of the Royal Free Hospital Medical 
School with age range of 12 hr-39 weeks were investigated. All the animals 
had remained free from infection up to the time of bleeding and were of satis- 
factory weight. Freedom from infection is of great importance in establishing 
a standard of normality in the protein pattern, as profound changes in the 
distribution of the various fractions occur after even mild infections. 

The serum protein pattern was determined by paper electrophoresis (Flynn & 
de Mayo, 1951). The strips were stained with bromo-phenol blue and quanti- 
tative estimations of each fraction made by the micro-Kjeldahl method 
(Levin & Oberholzer, 1953). The sum of the fractions was checked against 
the total serum protein as determined by micro-Kjeldahl technique. For the 
first two days of life the protein pattern reflected that of the mother, with 
relatively high total protein, low albumin values and high gamma globulin. 
After this there was a steady fall in gamma globulin to a minimum level at 
21 days. This level remained fairly constant till 5-6 weeks of age after which 
there was a progressive rise. The average percentage of albumin showed little 
change after 3 days until 24 weeks when there was a fall. Similarly, low 
values have been observed in adult cats, The values for the alpha and beta 
globulin fractions showed little variation with age. The total serum protein 
reached minimal values at 4 days old, 3-788 g/100 ml. This progressively 
increased with age to an average of 7-627 g/100 ml. at the age of 39 weeks. 


This work was carried out with the aid of a grant from the Royal Free Hospital Endowment 


Fund. 
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Peptic activity and electrolyte concentration of gastric secretion 
from the guinea-pig. By J. Warrand C. W. M. Wixson. Departments 
of Pathology, and Pharmacology and General Therapeutics, University of 
Lnverpool 


Little is known about the peptic activity and electrolytes in the gastric 
secretion of the guinea-pig despite the use of this animal for investigating the 
pathogenesis of peptic ulceration. It has been shown that the injection of 
histamine in beeswax produces a large volume of highly acid gastric juice 
(Watt, 1955; Watt & Wilson, 1956). Further investigations have been carried 
out on samples of gastric juice obtained in response to various stimuli 
according to the method previously described (Watt & Wilson, 1957). 
Because the volumes which can be removed by stomach-tube from fasting 
animals are too small for a full study of peptic activity and electrolyte con- 
centrations the fasting secretion was obtained from guinea-pigs killed 15 hr 
after their last meal. The histamine secretion was collected by stomach-tube 
from the unanaesthetized animal 1-2 hr after the intramuscular injection of 
10 mg/kg histamine acid phosphate in beeswax. Methacholine chloride 
(Mecholyl) was given by intraperitoneal injection (0-01 mg/kg) at 10 min 
intervals; the secretion was collected by stomach tube 1-14 hr after the first 
injection. The peptic activity of the secretion was estimated by the method 
described by Sircus (1954). 
The mean values obtained following these stimuli are shown below: 


No. of animals 14 19 6 
Volume (ml.) 49 18-4 5-9 
Free acid ( fl) 103 
acid (m-equiv 

Total acid (m-equiv/l.) 93 121 109 
(m-equiv/l1.) 29 19 23 

K (m-equiv/l.) 14 13 15 
Cl (m-equiv. 93 142 115 
Peptic activity (Sircus units/1.) 880 950 2080 


A small volume is obtained from the fasting animal. With histamine the 
volume is increased and with mecholy] a viscous juice is secreted, the volume 
of which is slightly greater than the fasting volume. Compared with fasting 
acidity, the acid concentrations following histamine are increased and following 
Mecholy! are slightly increased. Peptic activity following mecholyl is high. 
Sodium and chloride concentrations bear the usual relationship to the hydrogen 
ion concentration (Gray, 1943). The potassium values show little variation. 
Increasing doses of Mecholyl cause an increase in the volume and a decrease 


in the acid concentrations; with a dose of 0-2 mg/kg acidity falls below the 


fasting level, but there is little change in the peptic activity. 
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The transfer of short-chain fatty acids by the rat intestine in vitro. 
By D. H. Smyru and C. B. Taytor. Department of Physiology, University 
of Sheffield 

Smyth & Taylor (1954) have shown with an in vitro intestinal preparation 
that the solution transported through the intestinal wall contains some 
substances in concentrations higher than those at which they are present in 
the intestinal lumen. These substances include glucose, L-amino acids and 
short-chain fatty acids. It is now well known that glucose and L-amino acids 
are actively transferred by the intestine, and the experiments reported here 
demonstrate more clearly the movement of fatty acids against a concentration 
gradient and show that this transport is dependent on tissue metabolism. 

The tm vitro intestinal preparation used was the sac of everted small intestine 
of the rat described by Wilson & Wiseman (1954). Sacs 30 cm long, filled with 
3-0 ml. saline, were shaken at 38°C in conical flasks containing 50 ml. saline, 
the gas phase being 95% oxygen and 5% CO,. Krebs’s bicarbonate saline 
was used, containing glucose 500 mg/100 ml., except where otherwise stated. 
Sodium acetate, propionate or butyrate was present initially in a concentration 
of 0-02 m in mucosal and serosal fluids. After 90 min the concentration of 
fatty acid was estimated, and the movement of water measured. 

In the presence of glucose and oxygen, fatty acid was transferred from the 
mucosal to serosal fluid at a rate of 5-7 ul./mg dry weight/hr, and a concen- 
tration gradient was built up. Since water moves in the same direction as 
fatty acid the concentration gradient cannot be explained by water movement. 
The transfer of fatty acids was greatly reduced anaerobically, in the absence 
of glucose or in the presence of 10-*m 2:4-dinitrophenol. Phlorrhizin (5 x 10-*m) 
was less effective and reduced fatty acid transfer only to the same extent as 
it reduced water movement. 

The results suggest that an active process is concerned with movement of 
short-chain fatty acids by the intestine. This process may not be specifically 
related to fatty acid transfer, as the active process may be responsible for 
sodium movement and the movement of anions may be secondary to this. 
For some reason, possibly high lipoid solubility, the fatty acid anion may 
move more easily than the chloride, and hence accelerated movement of 
fatty acid and even movement against a concentration gradient could result 
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from active transfer of sodium. Whatever the nature of the mechanism the 
result: of the activity of the intestinal mucosa is to move short-chain fatty 
acids against a concentration gradient. 
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Post-natal development of the testis and epididymis in the cat. 
By M. G. Scorr and Parricia P. Scorr. Division of Histology, Royal 
Veterinary College and Department of Physiology, Royal Free Hospital 
School of Medicine 

Fifty-four healthy male cats, ranging from new-born to 4 years old, whose 

weight gains had fallen within the normal range for the R.F.H.8.M. colony 

(Dickinson & Scott, 1956) were studied, also ten adult cats of unknown age. 

Testis and epididymis, removed under anaesthesia, were rapidly dissected, 

weighed and fixed in Allen’s modification of Bouin’s solution (Conn & Darrow, 

1946). The onset of spermatogenesis was followed in individual cats by biopsy. 

The cat has no seminal vesicles, and it was difficult to obtain accurate weights 

for the prostate. Development of the testis and epididymis can be divided 

into five stages. 

1. At birth the testes were fully descended in normal kittens. Between 
birth and weaning (90-700 g) the combined weight of the testes increased 
from 20 to 100 mg, the seminiferous cords were 60-90, in diameter, being 
widest in the immediate post-natal period, when relatively straight, and 
decreasing in width as they became convoluted. The relatively large volume 
of intertubular tissue consisted of vascular mesenchyme with abundant Leydig 
cells. Growth of the epididymides, from ca. 14 to 200 mg, was very rapid. 

2. From weaning to 12 weeks (700-1000 g) the testes increased from 
100 to 130 mg, the intertubular tissue became less vascular and more compact 
and Leydig cells were less conspicuous. 

3. Between 12 and 20 weeks (1-0 to 2-0-2-5 kg) when male cats make their 
most rapid gains in body weight, the testes increased from ca. 130 to 500 mg 
and the epididymides from ca. 200 to 500 mg. Diameters of the seminiferous 
cords increased from 70 to 110, and the height of the epithelium lining the 
ductus epididymis from 7 to 154. Numerous lipid-containing Leydig cells 
were prominent, especially near or within the tunica albuginea. 

4. The earliest signs of division, leading to spermatogenesis, appeared at 
20 weeks, in cats in which the testes weighed 400-500 mg; spermatids appeared 
when the testes weighed about 700 mg; and spermatozoa when the testes 
exceeded 1-0 g. At this time (30-36 weeks, 2-5-3-0 kg) the tubular diameter 
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ranged from 130 to 175, while the epithelium of the ductus epididymis was 
maximal in height (40-45). 

5. Subsequent to the onset of spermatogenesis the testes increased in pro- 
portion to body weight, the maximal testis weight observed was 4-0 g and 
tubular diameter ca. 225, in a 5 kg cat. The weight of the epididymides did 
not increase markedly but had a constant relationship to the final weight of 
the testes. Leydig cells formed the major part of the intertubular tissue. 
The pattern of development was altered in disease (pneumonitis and enteritis). 
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The influence of muscle temperature on sustained contractions 
to fatigue. By R. 8. J. Cuarxe, R. F. Hexion and A. R. Linn. 
Medical Research Council Unit for Research on Climate and Working 
Efficiency, Department of Human Anatomy, Oxford 

Nukada (1955) and Lind & Samueloff (1957) have shown that immersing the 

forearm im a water-bath at different temperatures influenced the ability of 

the muscles to make sustained contractions to fatigue; the duration of the 
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contractions increased with decreasing water-bath temperature down to 20°C. 
Clearly, if the arm is placed in progressively colder water, there must be a 
bath temperature beyond which the duration of contractions will be reduced. 
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Four subjects immersed their forearms in a water-bath for 30 min and then 
made five sustained contractions (+ maximal) to fatigue with 20 min intervals 
between each contraction. Seven water temperatures were investigated, 
ranging from 2 to 42°C. Fig. 1 shows the duration of the first contraction 
of each experiment (mean for four subjects) plotted against water temperature. 
The optimal water temperature for sustained contractions is near to 18°C. 

Muscle temperatures were measured with a 40 s8.w.g. copper-constantan 
thermocouple in the brachio-radialis muscle, and these showed that the local 
muscle temperature associated with the longest contractions was considerably 
below that found in the clothed forearm (Barcroft & Edholm, 1946). 
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